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Abstract 
 
While fiber-reinforced polymer composites (FRPCs) exhibit excellent in-plane properties, dominated 
by microscopic fiber reinforcement, their out-of-plane performance, governed by the polymer matrix, 
is relatively poor, and their vulnerability to delamination is of great concern. Reinforcing the polymer 
matrix by adding nanofillers, such as carbon nanotubes (CNTs), has gained popularity as their extremely 
large surface area and exceptional properties allow high reinforcing efficiency. However, load transfer 
between nano-reinforcement and matrix relies on the capacity to disperse and distribute them in the host 
matrix and also to ensure good distribution on the fabric. When the nanofiller agglomerates are larger 
than the gaps in a porous fabric medium, “filtration” becomes an issue. The nanofiller aggregates tend 
to block these gaps leading to slow and incomplete resin impregnation. This inevitable phenomenon 
mainly occurs near the inlet, where most of filtration takes place, while the rest of the composite shows 
a “diluted” resin-rich phase even for well-dispersed nanofiller-resin mixture prior to infusion. 
It is important to effectively investigate the final properties of the composite prior to service to ensure 
a quasi-defect-free or safe composite when using liquid molding techniques. In a conventional vacuum-
assisted resin transfer molding (VARTM) process, a filtration effect leads to an inhomogeneous 
microstructure of multiscale composites. For this reason, concerns over producing high-quality and 
multifunctional composites structures serve as the driving forces for the development of hierarchical 
composites via interface/interphase modification by means of coated nanoscale additives, and their 
applications in large-scale parts are therefore envisaged. However, to date, limited studies have been 
reported on monitoring and control of this novel materials processing in order to reduce part-to-part 
variability for reliable manufacturing. 
Here, we introduce novel methodologies for resin flow, cure and process monitoring of multiwall 
carbon nanotube (MWCNT)/glass fiber/unsaturated polyester composites using percolated CNT 
conductive networks. Two cases are considered where CNTs are: (1) premixed in a resin, or (2) spray-
coated on fiber reinforcements prior to infusion. In the case of CNT-coated glass fibers, systematic 
experiments showed that resistance behavior of the as-deposited conductive network can be used to 
identify critical events that take place during the entire composite processing cycle, including the onset 
of crosslinking and gel point of resin, which are necessary to evaluate the part quality. A combination 
of short-length and low-density MWCNTs exhibited the best sensitivity. 3D real-time monitoring was 
successfully carried out with simultaneous in-plane and through-thickness resin flow monitoring. 
A case study was investigated, where the design and manufacturing guidelines applicable to spray-
coated CNTs and CNT/exfoliated graphite nanoplatelets (xGnP) hybrids on fiber reinforcements were 
developed for electromagnetic (EMI) shielding. The research adopted a multi-phase approach that 
combined both numerical and experimental methods to help lay the groundwork for the fundamental 
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understanding of the underlying physics governing the EMI shielding mechanisms of the composite 
materials. Simulation and experimental results showed that the contributions of reflection and 
absorption to EMI shielding is enhanced by sufficient impedance mismatching, while multiple 
reflections have a negative effect. For a given amount of carbon nanomaterial in the glass-fiber-
reinforced composite, coating the outermost, instead of intermediate glass fiber plies with the 
MWCNT:xGnP weight ratio of  8:2 was found to maximize the conductivity and EMI shielding 
efficiency. 
In the case of infusing MWCNTs premixed in a resin, a study was performed to correlate the 
rheological behavior of MWCNT/unsaturated polyester mixture to the conditions experienced during 
flow. The resin containing well-dispersed MWCNTs resulted in a nominal increase in suspension 
viscosity with shear thinning behavior, and was within the desired range for VARTM. Trade-offs among 
sensitive parameters, such as viscosity, degree of dispersion, MWCNT type and concentration, was 
investigated to minimize CNT filtration. The degree of dispersion appeared as the dominant factor that 
dictates the degree of filtration. The filtration level was characterized in situ by monitoring the electrical 
resistance change in the glass fibers during infusion. As the CNT/resin mixture enters the initially 
insulating glass fiber layup, the electrodes placed in the fibers display decreases in electrical resistance 
as the mixture flow progresses. At the completion of infusion, the final resistance readings indicate the 
uniformity of CNT distribution affected by filtration. Concomitantly, the CNT/resin mixture flow 
behavior was monitored. Similarly, events that take place after the completion of infusion were 
indirectly monitored. We have demonstrated simple yet effective methods to monitor the manufacturing 
processes and predict the final part quality of multiscale hybrid composites, which can be integrated 
into the existing processes with minimal modifications. 
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I Introduction 
1.1 General Introduction 
 
Over the past decades, the volume and number of applications of composite materials have grown 
steadily, penetrating and conquering new markets relentlessly. Modern composite materials constitute 
a significant proportion of the engineered materials market ranging from everyday products to 
sophisticated niche applications.  
Fiber-reinforced plastics (FRPs) are most commonly made using glass, carbon, or aramid fibers in 
general. They are about 1/4 the weight of steel. Both discontinuous and continuous fibers are used, but 
continuous fibers are needed to provide high strength and modulus for structural applications. Their 
high stiffness-to-weight ratio and processability are the primary advantages1 . The need to save energy 
and lower carbon emission is fueling the increase of composites use in aerospace and automotive sectors. 
The necessity to seek alternative sources of energy has augmented the demand for wind energy, another 
sector important for composites. Composites are also sought after in civil structures and constructions, 
as they have high specific strength and stiffness, corrosions resistance, and easy maintenance. 
In order to succeed in today's markets, manufacturers must produce end-products and systems that are 
lighter, stronger, more durable, multifunctional and more reliable but affordable at the same time. Glass 
fiber composites are most popular due to their relatively low price and ease of manufacturing, Carbon 
fiber composites are expensive, but favored in demanding applications, such as aerospace and 
automotive. Strong growth prospects are forecasted as increased energy prices push manufacturers to 
save costs through the use of innovative materials. Aramid fiber composites are in demand in security 
and high-vibration applications, and it is predicted that new uses for aramid fiber will be developed 
over the forecast period. Other fiber composites and hybrids are forecasted to grow strongly, as 
sophisticated and purpose-built composites will become necessary for new applications. In this context, 
glass fiber is one of the most attractive plastic reinforcement materials mostly because of its unrivalled 
performance-to-cost ratio. In order to take greater advantages of the cost-effectiveness of glass-fiber-
reinforced plastics (GFRPs), many researchers2-6 have tried to broaden the application fields of these 
composites by engineering conductive GFRP with the aid of conductive nanomaterials, such as carbon 
nanotube (CNT), exfoliated graphite nanoplatelet (xGnP), graphene, etc., resulting in multiscale 
composites. In this regard GFRP can be considered as a multifunctional material which can be  
simultaneously used for structural, electromagnetic interference (EMI) shielding, self-sensing 
applications7, etc.  
Subsequent investigations have shown that CNTs integrate amazing rigid and tough properties, such 
as exceptionally high elastic properties, large elastic strain, and fracture strain sustaining capability, 
which seem impossible in the current materials8 . CNTs are the strongest fibers known. The Young’s 
modulus of a Single wall carbon nanotube (SWNT) is around 1TPa, which is 5 times greater than steel 
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(200 GPa) while the density is only 1.2~1.4 g/cm3 9. This means that materials made of nanotubes are 
lighter and stronger. Guo et al10 have measured the strength of a nanotube rope (around 15nanotubes) 
as high as 63 GPa. Nanotubes also have a very high aspect ratio. Recently, much longer nanotubes have 
been produced, reaching as long as 10~20 centimeters11. Apart from their well-known extremely high 
mechanical properties, SWNTs offer either metallic or semiconductor characteristics based on the chiral 
structure of fullerene12. They possess superior thermal and electrical properties: thermal stability up to 
2,800oC in a vacuum and 750oC in air, thermal conductivity about twice as high as diamond, and an 
electric current transfer capacity 1000 times greater than copper wire13. The high surface area of SWNTs 
is another attraction to researchers. SWNTs have a high specific surface area among carbon materials, 
and a single tube can reach as high as 1,300m2/g14. Therefore, CNTs evoke great interest in polymer-
based composites research. 
For more than sixty years, scientists have presumed that a one-atom-thick single-layer graphene 
sheet could not exist in its free state based on the reasoning that its planar structure would be thermo-
dynamically unstable. Somewhat surprisingly, several groups have recently succeeded in obtaining 
isolated graphene sheets by mechanical exfoliation using a ‘Scotch tape’. Graphene has been an 
emerging carbon nanomaterial with the potential of being used in various multifunctional, high-
performance polymer applications for its outstanding performance-to-cost ratio as compared to CNTs. 
(Graphene is a two-dimensional, one-atom-thick planar sheet of sp2-bonded carbon atoms that are 
densely packed in a honeycomb crystal lattice.) 
Exfoliated graphite nanoplatelets ( xGnP) are unique nanoparticles consisting of short stacks of one 
or more graphene sheets having a platelet shape. Each particle has an average thickness in the 5 – 10 
nanometer range, with lateral dimensions ranging in increments up to 50 microns in diameter. The 
graphene sheet that forms the basal plane of these platelets is identical in composition to the graphene 
wall of a carbon nanotube, only in a flat sheet form. Edges of the platelets are the sites for 
functionalization, which helps facilitate hydrogen or covalent bonding within a polymer matrix. 
The unique molecular structure of graphene gives rise to, among others, impressive electrical and 
mechanical properties. While providing a high surface area of 2630 m2/g, graphene is among the stiffest 
and strongest nanomaterial known. Graphene has been shown experimentally and theoretically to attain 
tensile modulus beyond 1.1 TPa and strength in excess of 125 GPa. Electrically, graphenes possesses 
excellent conductivity, reaching 15,000~20,000 S/cm15. Such ideal properties make graphenes an 
attractive reinforcing material to produce engineered composites. 
In addition to their unique sizes and shapes, xGnP attracted attention also because of their remarkable 
physical properties, including: (1) exceptional electrical conductivity with 5Χ10-5 W cm, (2) low cost: 
the cost of xGnP is cheaper than CNTs, (3) super mechanical strength: the tensile strength of xGnP is 
about 10-20GPa; the tensile modulus is about 10-20 GPa. 
If extensive research and development have permitted to reach excellent in-plane properties of FRPs 
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dominated by microscopic fiber reinforcement, their out-of-plane performance governed by the polymer 
matrix is very poor and their vulnerability to delamination is of great concern16. Differences arise 
because the polymer matrix presents much lower mechanical properties than the fiber ones. The 
cornerstone here resides in the region near the fiber-matrix interface often described as the “interphase” 
which determines the load transfer mechanism and ultimately the strength and toughness of the 
composite. Hence interphase manipulation can be the right route to significantly expand FRP 
applications. Two approaches are commonly used to improve the interphase property again by using 
conductive nanomaterials, such as CNT and xGnP. Illustration of the difference between these two 
configurations is shown in Fig. 1.1.  In case (a), the CNMs are first “pre-dispersed” in the resin and 
subsequently incorporated within the microscale fiber reinforcements for composite fabrication. While 
in case (b), the CNMs are spray-coated on fiber reinforcements prior to infusion and physically adhered 
to the fiber surface via van der Waals interaction. In essence, in case (b), MWCNTs form a densely 
packed thin layer on the fiber textile while in case (a) MWCNT are distributed throughout the composite 
volume. 
 
 
Fig. 1.1. Two material configurations: (a) CNMs are dispersed in resin; (b) CNMs are sprayed on the 
preform. 
 
1.2 Nanocomposite-Filled Microscale Fiber Reinforcements 
 
Addition of carbon-based nanofillers, such as CNTs and graphene nanoplatelets (GNPs) or a 
combination of the two can improve the mechanical, electrical and thermal properties of a polymer 
matrix; however, the efficient load transferability of these nano-reinforcements in a macroscale FRP 
relies on the capacity to disperse and distribute them effectively in the host matrix and also to ensure a 
good distribution in the fabric17-40. Nano-reinforcements in their manufactured state tend to cluster 
together in any suspension due to the strong van der Waals forces. Shear mixing, such as three-roll 
milling, dissolver disk, planetary mixer and ultrasonic processing or a combination of these have been 
used to disperse the nanofillers in a polymer resin with varying degrees of success41-48. Ultrasonication 
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often causes damage on nanofillers resulting in the reduction of their aspect ratio and alters the final 
nano-reinforced polymer. Three-roll milling has recently provided good results for nano-reinforcement 
dispersion49. It exerts shear forces over the particles and avoids the presence of compression forces 
during the process. In this way, the agglomerated nanofillers can be separated without being damaged 
provided that the processing parameters, such as gap between rolls, roll speeds and number of passes, 
are optimized for the specific type of nanofillers.  When the nanofiller-reinforced polymer composites 
are used to impregnate the fabric in an attempt to replace air/fiber interfaces by resin/fiber interfaces, 
the final product is called a multiscale composite. These multiscale systems show great promises of 
incorporating all the subscale advantages into macroscopic properties and will shape the future research 
in composite area for high-performance multifunctional composites. 
Usually, as the fiber preform contains gaps in the order of microns down to 50 nm, one would expect 
high shear rates to be developed due to the small gaps that may affect the dispersion of nanofillers in 
the composite. The flow channels inside the fibrous media can be classified into two categories: inter-
tow and intra-tow regions. The channel width of the inter-tow region may be up to several hundreds of 
microns, while that of the intra-tow region is several microns or nanometer-scale. The average diameter 
of a single strand of glass fiber is in the range of 10-14 µm, while that of typical carbon fiber is around 
8 µm. When the nanofiller agglomerates are larger than the gaps, fabrics tend to introduce a filtering 
effect, where nanofillers may block these porous gaps leading to a very slow and even insufficient 
nanocomposites impregnation. This phenomenon is most prominent around the inlet, while the rest of 
the composite part tends to lack nanofillers even for well-dispersed resins or suspensions as illustrated 
in Fig. 1.2. 
 
 
Fig. 1.2. Illustration of inhomogeneous microstructure due to filtration of MWCNT. The MWCNT 
content diminishes from inlet to outlet.  
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Vacuum assisted resin transfer molding (VARTM) is likely the most common acronym of all 
used in the discussion of low pressure closed mold reinforced composite molding. In general, all 
VARTM processes can be divided into four processing steps including material preparation, tooling 
preparation, the infusion step and the post-infusion step as shown in Fig.1.3. Each process step will 
influence final material quality in particular the fiber volume fraction and void content distribution. 
During Material Preparation, fibers, preforms and other reinforcing materials are placed into the mold. 
Often, these materials have taken up moisture and depending on the resin selection and final part quality 
requirements, the material has to be dried under vacuum prior to infusion. This is in particular important 
for resins reacting with water during cure and resins which are infused at room-temperature (or below 
the water boiling temperature) and cured at above 100C where the entrapped moisture vaporizes 
resulting in a significant increase in void content. 
 
 
 
Fig. 1.3. Schematic of VARTM process steps50 
 
During the tooling preparation evidences by step 2 in Fig.1.3 where the vacuum has to be applied, an 
important aspect is the leak rate of the bagged component on the tool. Typical leak rate in aerospace 
and high-performance marine application have been reported to be approximately 3-5mbar per minute. 
These rates can only be achieved with tooling designed for VARTM applications and properly installed 
bags. It is recommended to use digital leak rate equipment which enables continuous monitoring of the 
leak rate when the installed bag is checked for leaks. During this step, debulking of the fabric prior to 
infusion is also of particular interest as it increases the nesting of the fibers and thus increases overall 
fiber volume fraction. The compaction behavior of the preform influences both the infusion process as 
well as the final part thickness. The infusion step is elucidated by step 3 in Fig.1.3.  
Mold
Fiber preform 
Step 1
Mold
Step 2
Fiber preform
under vacuum 
Vacuum bag
vacuum pump
Cured part
Step 4
MoldMold
Step 3
Resin impregnates 
fibers and cures 
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In VARTM, the vacuum pressure compacts the preform but also is the driving force of the resin 
which goes through the reinforcement. The addition of the distribution media as shown in Fig.1.4, 
creates a fairly complex 3-D flow where there is a significant flow gradient through-the-thickness of 
the reinforcement. An important flow issue is the typical dual-scale behavior of the fabric. Flow around 
the tows (macroscopic flow) is typically much faster than the flow into the tows (microscopic flow). 
Often capillary pressure and pressure gradients has to be considered. The issue with dual-scale flow is 
the opportunity of void formation within the fiber bundle. As the macro-flow impregnates faster the 
outside of the tow, the inside of the tow will be disconnected from the vacuum source. Capillary pressure 
can either help to further infuse the tow in case of a wetting fluid but can restrict flow for a non-wetting 
fluid. Ultimately each tow cell could result in a micro-void. Pressure gradients exist and are complex 
and dynamic. The preform is initially uniformly compacted under the applied pressure. Once resin is 
infused, a pressure gradient develops in the wetted region leading to changes in the compaction pressure, 
fiber volume fraction and ultimately changes in the permeability. The permeability influences the flow 
behavior which also affects the pressure gradient.  
 
 
Fig. 1.4. Conventional VARTM illustration for the fabrication of glass fiber reinforced composite 
materials. The yarn cross is optional  
 
After infusion, the resin has still low viscosity and often the setup is designed to allow bleeding into 
the vacuum trap or resin trap as shown in Fig. 1.4. The resin bleeding takes out some of the excess resin 
from the area of low vacuum pressure and moves it toward the vent. The volume loss reduces the 
thickness of the part and improves fiber volume fraction. Thus it is an important step in the overall 
process.  
 In a conventional vacuum-assisted resin transfer molding (VARTM) process, filtration effect leads 
to an inhomogeneous51 microstructure of multiscale composites (Fig. 1.2). In order to satisfy 
multifunctional requirements and through-thickness reinforcements without compromising in-plane 
properties, the processing technique will inevitably need to be improved to obtain fully integrated and 
Insulated base  
Glass mold    Nonstick film   
Fabric   
Yarn cross    Peel ply     Flow media      
Vacuum line      
Toward vacuum pump     
Control clamp      
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well dispersed nanofillers. 
 
 
Fig. 1.5. Illustration of filtration cases: (a) particles are very sma ll compared to the pore size; (b) 
particle size is larger compared to pore size; (c) intermediate case.  
 
In general, filler size and fibrous pore size dictate the flow of a particle in a fibrous medium. 
Experimentally, as the resin is forced to flow through the porous medium, three cases can be observed 
and depicted in Fig. 1.5. If particles are very small compared to the pore size, the suspension flows 
through the medium easily, and, therefore, there is no or very little retention (Fig. 1.5 (a)). If the particle 
size is larger than a critical size that depends on the porous medium characteristics, the particles will 
accumulate onto the medium and form a “cake” leading to a cake filtration35 (Fig. 1.5 (b)). If the 
suspension flows within the medium but the medium progressively captures the particles (retention), 
we will have a deep bed filtration. This occurs when some particle sizes but not all are greater than the 
pore size (Fig. 1.5 (c)). In some cases, the amount of retained particles is such that the network is 
clogged-up. Retention is the case that is most likely to happen in industrial applications. Because of 
retention and filtration, filler content and, thus, the subsequent property (e.g., fire resistance) are not 
homogeneous throughout the composite part, which may become defective. In the most severe 
conditions when the use of high fiber content fabrics or high filler content is necessary, mold filling 
becomes difficult or hindered.  
 
1.3 Carbon Nanomaterials-Coated Fiber Reinforcements      
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Very recent works involve modifying the interphase using nanoscale additives, as they offer the 
unique ability to significantly improve the properties of composites with insignificant weight and 
volume penalties associated, which usually happen when heavy conductive meshes are incorporated 27, 
52-53. A variety of methods have been examined to size fiber reinforcements  using nanoscale materials, 
such as carbon nanotubes (CNTs) or graphene nanoplatelets (GNPs) which involves: Direct growth 
using chemical vapor deposition (CVD) 54, in some cases the interphase can be optimized using a 
bridging element allowing then to tailor interfacial property 55-56; dip- coating method 57-58 ; 
electrophoretic deposition 59-65 ; aerosol electrophoretic deposition 66 - spray-coating 67 . Among all these 
coating methods, the spray deposition technique is the most simple and affordable method for coating 
a fabric surface with nanotubes.  It can make patterns down to the resolution of the spray mist, 
moreover, it can be easily scaled up for large area applications and can be used on almost any surface 
compatible with water. The results are sheet of controllable sheet resistance and uniformity.  
 
1.4 Problem Statement 
1.4.1 Filtration Monitoring  
The understanding of composite materials and their structures requires an in-depth knowledge of 
basic material behavior. Knowledge of fiber and resin behavior is essential for understanding the 
intricacies of composite manufacturing processes. It is important to effectively investigate or inspect 
the final composite prior to service. Recognizing the difficulty to experimentally evaluate the 
aforementioned filtration phenomenon, many filtration models68-80 were developed to simulate and 
predict the particle flow behavior, but these models suffer from precision and are often too much 
subjective. The few experimental works35, 81-82 available rely on tools such as visual flow front distance 
assessment, composites cross-section observations which require that the composites be destroyed. To 
meet the demand of high-performance multiscale composites, it is important to develop non-destructive 
experimental method to evaluate the impregnation state in a large scale dimension composite both on 
the surface and through thickness simultaneously. This will allow to accurately assess how the 
manufacturing parameters and processing methods can impact the final multiscale composite and 
ultimately to meet the needs of reliable and advanced multiscale composites.  
For CNTs in particular, it has been exceedingly difficult to observe filtration phenomena 
experimentally, because CNTs are made up of carbon atoms that are the constituents of most polymer 
resins. Therefore, when CNTs are added as filler particles in the polymer matrix, elemental analysis 
cannot distinguish between the two components. So S.S. Yum et al82 recently  added silver to CNT 
and preformed quantitative and qualitative analysis to assess particle distribution using electron probe 
microanalyzer, but this could be possible only for micro-medium in composites and again requires that 
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the composite be shattered. Some researchers35, 81 have also investigated CNT filtration phenomena in 
fibrous media using SEM and TEM, but these methods only provide qualitative information and do not 
evaluate the part as a whole. 
 
1.4.2 Process Monitoring  
 
Liquid composite molding techniques such as RTM and VARTM are often used to fabricate the 
composite part. RTM and VARTM are very similar in principle, however VARTM offers several 
advantages including scalability to large composite structures and low cost tooling.  Ordinarily in both 
techniques, a resin is injected into stacked laminates by an applied pressure. It flows into the porous 
geometry and replaces air/fiber interfaces by resin/fiber interfaces along its way into the reinforcement. 
Through infusion experiments, fibrous preforms are shown to have an inherent heterogeneity in the 
permeability. In fact their structure commonly consists of two geometrical scales as stated above. This 
bimodal porosity is the cause of several issues occurring during the impregnation stage of composites 
manufacturing and the most encountered is a non-uniform flow front propagation 83. The 
aforementioned heterogeneity is even more complex in the case of nanoscale additives coated preforms 
and can be source of unforeseen, unpredictable and potentially, problematic flow defects such as dry 
spots. Dry spots are regions that are not impregnated with the resin and generally happen if two flow 
fronts meet and form a resin starved region, which traps air. The permeability of preform materials used 
in liquid molding processes is a complex function of weave pattern, packing characteristics, tow 
structure and intra-tow properties84. Evidently these parameters will be affected in the case of sized 
preforms. To date and to the best of our knowledge, no work has been reported yet to investigate how 
the coatings alters the preform permeability. 
Irrespective of the manufacturing process, complete saturation of fibrous preforms is critical for 
ensuring the part quality. This has led researchers to develop many experimental and theoretical models 
to understand the infusion process. Some of the reported flow front and cure monitoring techniques 
reported for LCM are: SMARTweave grid sensors85-86, direct current based linear sensors 87-88, 
dielectric89-90, ultrasonic91, fiber optic92, thermocouple based93-94, and electric time domain reflectometry 
measurements 95. Each of these sensor systems has some limitations and disadvantages. For example 
although SMARTweave sensor enables two dimensional tracking of the flow front, they result in 
structural defects in the final part as it requires the sensing grid to be embedded in the fiber preform 
permanently. Also the sensing grid can change the resin flow pattern by altering the local fabric 
permeability 95.  
Obviously as reported above, hierarchical micro/nano composites show far better property 
improvements as compared to FRPs, but to meet the demand of large-scale structure and high quality 
part production, their reproducibility and affordability need to be assured. An automated system with 
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sensor feedback can annihilate part-to-part variability, minimize cycle time and eliminate engineering 
supervision. It should be capable of monitoring the resin flow, identifying flow disturbances and taking 
appropriate corrective actions in real time, through computer-controlled injection ports, hence 
intelligent manufacturing. This vision has been the subject of several research works on FRPs based on 
some flow and cure monitoring techniques (mentioned above96-100) with their limitations. 
1.5 Objectives    
The primary goals of this thesis are: (1) to introduce a novel technique to monitor resin flow and 
curing of MWCNT - coated glass fiber/unsaturated polyester (UPE) composites using percolated CNT 
conductive network (the two cases are considered – where CNTs are premixed in a resin or spray-coated 
on fiber reinforcements prior to infusion); (2) to introduce a novel technique to monitor CNT filtration 
during resin infusion of UPE/CNT reinforced glass fiber composites; (3) to establish general case-study 
design and manufacturing guidelines applicable to spray-coated CNTs on fiber reinforcements for EMI 
shielding; and (4) to experimentally investigate the electrical, thermo-mechanical, rheological and 
structural properties of composites fabricated.  
 
1.6 Thesis Organization 
 
In this thesis, we seek to introduce novel approaches for the process monitoring of multiwall carbon 
nanotube (MWCNT)/glass fiber/unsaturated polyester (UPE) composites using percolated CNT 
conductive network and applying the composite design manufacturing technology for optimal EMI 
shielding. We considered two cases – where CNTs are premixed in a resin or spray-coated on fiber 
reinforcements prior to infusion. This thesis is henceforth organized as follows. Chapter 2 deals with 
the case of infusion of MWCNTs premixed in UPE resin. A systematic dispersion route using a three-
roll mill is followed.  Parametric studies involving resin viscosity, MWCNT type and concentration, 
and degree of MWCNT dispersion were investigated to minimize CNT filtration. The filtration level 
was characterized in situ by monitoring the electrical resistance change in the glass fibers during 
infusion. Concomitantly, flow and cure monitoring of composites were assessed in situ. Nanocomposite 
suspensions were casted in a mold to evaluate the degree of transferability of fillers property to the 
multiscale composites as a whole. 
Chapter 3 focuses on the case where MWCNTs are coated on the glass fiber reinforcements prior to 
neat resin infusion. We lay the foundation of process control for the manufacture of large-scale 
hierarchical micro/nano composites parts. An in situ process monitoring technique based on the 
percolated network formed by the coated multiwall carbon nanotubes (MWNTs) additive is developed. 
The emphasis on the nanoscale additive (MWNTs) which is part of the final composite precludes most 
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of the disadvantages of the existent process monitoring techniques. To do so, silver paste coated copper 
wires with very small diameter were embedded at the edge of the as-prepared MWNTs coated glass 
fiber preforms in design configurations to allow in situ measurement of the resistance between wire or 
electrode pairs thereby indirectly monitoring the manufacturing (VARTM) process. This sensing 
technique is very suitable for sequential, multi-point injections often used to infuse large-scale parts. 
The effects of MWNTs length and density on the sensors sensitivity was examined. A basic investigation 
was first carried out using one and two glass fiber plies, respectively, which led to an optimized sensing 
state. Results are further used to monitor the infusion process and cure of a composite consisting of four 
plies. The onset of crosslinking and gel point of resin, which are necessary to evaluate part quality, were 
monitored in situ through resistance measurement. 
Based on the optimal resin infusion conditions found in Chapter 3, Chapter 4 investigates the 
applicability of MWCNT- and/or xGnP-coated glass-fiber-reinforced UPE composites for EMI 
shielding applications.  
The research adopts a multi-phase approach that combines both numerical and experimental methods 
to help lay the groundwork for the fundamental understanding of the underlying physics governing the 
EMI shielding mechanisms of the composite materials. Additionally, composite characterizations are 
correlated to EMI shielding behavior with perspective of potential applications clearly demonstrated. 
Finally, the conclusions and future orientations of this thesis come in chapter 5.   
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II. IN SITU FLOW AND FILTRATION MONITORING OF MULTIWALL CARBON 
NANOTUBE DURING THE MANUFACTURE OF MULTISCALE COMPOSITES 
In composite materials, the manufacturing process plays a key role because the desired shape of the 
part, the material itself with specific properties are both simultaneously made during composites 
processing. Indeed, it is during the manufacturing process that the matrix material and the fiber 
reinforcement are combined and consolidated to form the composites. The manufacturing process 
therefore dictates the material properties of the composites. Appropriate methods to control composites 
processing for reliable and scalable materials production are therefore needed.   
The main objective of this chapter is to introduce a novel approach to monitor carbon nanotube 
filtration during the infusion of MWCNT/UPE resin (nanocomposite) into a continuous glass fiber 
reinforcement (porous medium).     
 
2.1 Materials 
 
CVD-grown multi-walled carbon nanotubes (MWCNTs) were purchased from Hanwha Nanotech 
(Incheon, Korea). The supplier rated a purity rating of >95%, 5–10 nm inner diameter, 60–100 nm outer 
diameter, and two different lengths – 100 µm (CM-100) and 250 µm (CM-250). We effectively found 
that the inner diameter seems to be in the range of 5-10 nm. However, the outer diameter appeared to 
be shorter (9-50 nm) as shown by the high resolutions TEM (HR-TEM) and SEM images (Fig 2.1). It 
is clear from the TEM images that a number of graphene layers are co-axially rolled together to form 
cylindrical tubes. The carbon nanotubes were used without any chemical modification. Moreover, the 
mechanical stability and structural integrity and the functional performances of as-resulted multiscale 
composites are primarily dependent on the microstructure of individual nanofillers and their 
interactions.  
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Fig. 2.1. HR-SEM and HR-TEM images of MWCNT: (a) high magnification SEM image; (b) 
MWNTs deposited on a lacey carbon film supported by a mesh copper grid; (c) HR-TEM 
image of Single MWNT (CM250); (d) HR-TEM image of Single MWNT (CM100). 
 
DBLT 850-E glass fiber (Cymax) with ply thickness of ~0.6 mm was supplied by Jet Korea 
(Changwon, Korea). We found inter-tow, and intra-tow dimensions in the range of 200-500 μm and 
400-500 nm, respectively, as shown in Fig. 2.2. A commercially available unsaturated polyester resin, 
displaying a free-radical polymerization supplied by Cray Valley Korea, Arkema, and Jet Korea 
respectively. The following resin system was utilized in these experiments: styrene 45% and epoxy 
acrylate 55% as resin with methyl ethyl ketone peroxide as the accelerator and cobalt-naphthenate (6% 
Cobalt.) as initiator. The styrene molecules contain several carbon-carbon double bonds, which act as 
cross-linking sites during curing. The supplier required a mixing ratio between 1 and 2 % of accelerator 
and initiator with respect to resin.   
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Fig. 2.2. Glass fiber DBLT images: (a) macrograph of ply; (b) Low magnification SEM image of a ply 
motif; (c) SEM image of the surface of glass fiber tow; (d) SEM image illustration of a fiber-fiber 
interface.  
 
2.2 Composites Manufacturing and Filtration Assessment Technology   
2.2.1 MWCNTS Dispersion   
 
Nanocomposites were prepared by following a manufacturing process that consisted of three main 
steps. First, a specific quantity of nanotubes was weighed out to achieve a target weight fraction in the 
final cured composites (nanotube + UPE + hardener + accelerator) and was added to the UPE resin by 
hand mixing. Secondly, the homogenization and dispersion processes were performed by calendaring 
using a commercially available laboratory-scale three-roll mill (EXAKT 80S, EXAKT Technologies, 
Inc.), consisting of three chrome-plated hardened steel rolls that are 80 mm in diameter (Fig. 2.3) with 
the parameters combination: [gap1 (µm)-gap2 (µm) - speed (rpm) - number of passes] = [100-40-250-
1] - [60-25-250-2]-[30-15-250-X] which can be compartmentalized in section A, B, and CX wherein C1 
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for X=1, C2 for X=2 and C3 for X=3 as shown in Fig. 2.4. It can be seen from Fig. 2.4 that solution A 
is obtained by fixing gap 1 = 100 µm, gap2 = 40 µm, a speed roll of 250 RPM, and only one pass is 
allowed. Solution B encompasses the method used for A with further additional settings which involve 
to reduce gaps among rolls to 60 µm and 40 µm respectively for gap1 and gap2. The roll speed remains 
unchanged and two additional passes are added. Solutions CX encompasses method of A, B and 
additional settings. Solutions C1, C2, C3 differ only by the number of passes through the gaps among 
rolls which increases in the order of C1, C2, and C3. C1, C2, C3 stand respectively for one, two and three 
passes. Another mixture was prepared by following the protocol of system C2 but using shorter 
MWCNT, this is CM100. We name it as the system C100.    
Unlike other types of mills which rely on compressive impact as well as shear, the calendaring 
approach results in nearly pure shearing. The general configuration of a three-roll mill is illustrated in 
Fig. 2.3. The three adjacent rolls of a three roll mill (called the feed roll, center roll and apron roll) rotate 
at progressively higher speeds. The mismatch between the angular velocity of adjacent rolls is fixed 
where the center roll rotates three times faster than the feed roll (ɷ2 =3ɷ1) and the apron roll rotates 
three times faster than the center roll (ɷ3 = 3ɷ2 = 9ɷ1). For dispersing carbon nanotubes high shear 
stresses break-up and untangle nanotube bundles while the short residence time will likely limit 
breakage of nanotubes. 
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Fig. 2.3. Illustration of a three-roll mill general configuration 
 
After hand mixing, the suspension is fed between the feed roll and the center roll. Due to the 
narrowing space between the rolls, most of the paste is rejected to the feed region. The part that makes 
it through the first in-running nip experiences very high shear force. Upon exiting, the material that 
remains on the center roll moves through the second nip between the center roll and apron roll, which 
subjects it to even higher shear force due to the higher speed of the apron roll. A knife or scraper blade 
then scrapes the processed material off the apron roll and transfers it to the apron. The gap setting is 
continuously monitored and adjusted to maintain a specified value that can be as low as 5 µm or as 
large as 100 µm. 
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Fig. 2.4. Illustration of parameters combination for the dispersion of MWCNT. X is the number of 
passes for method system C 
 
In the third step, the hardener and the accelerator are added to the UPE resin and stirred manually. 
The final step involved casting the mixture into an open mold and use for infusion as well.  
 
2.2.2 Evaluation of CNT Filtration   
 
The dry fabrics were cut into plies and stacked (2 layers) to form the dry preform. Five pairs of 
electrodes wires were embedded at the interface of the two plies in a systematic manner as shown in 
Fig. 2.5 to track the CNT/resin mixture flow in a real time experiment and sense its behavior with 
time. The resistance readings of an electrode pairs is directly sensitive to the amount of MWCNTs 
present at the path where the electrode pairs is located. It is therefore assumed that the resistance 
readings would be related to the amount of MWCNTs present on a targeted path. The filtration level is 
then characterized in situ by monitoring the electrical resistance change in the glass fibers during and 
after infusion. This set of electrode pairs can also serve as in situ cure and flow monitoring as well 
provided that the delay between subsequent readings is sufficiently minimized (< 5 seconds) . The 
middle plane of the entire fabric was chosen to place electrodes because it was the optimal position 
which provides a good evaluation of the nanofiller distribution. Moreover in attempt to assess flow and 
cure monitoring, K. V. Uday et al 101 developed a direct and alternating current sensing/monitoring 
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technique by using a smart weave. They found that in the case of thin composite panels, wherein the 
thickness associated gradients are minimal (thickness < 3.175 mm) a single smart weave plane is 
sufficient. Thereby consolidating the idea that our single two dimensional electrodes channel here is 
valid because the thicknesses of our final composites are in the range indicated above.  
 
 
Fig. 2.5. Illustration of electrode pairs placement 
 
 
2.2.3 Multiscale Composite Manufacturing  
 
    A typical manufacturing process of composite materials is liquid composite molding techniques, 
the suspension (nanofiller reinforced UPE or neat UPE) is forced to flow through a dry preform placed 
in a mold. Resin transfer molding and vacuum assisted resin transfer molding (VARTM) are often used. 
VARTM is being widely used because it is cost-effective and environmental friendly as compared to 
prepregs technologies which need an autoclave for the curing process.  Hence we used VARTM for all 
the composite manufacturing in this thesis. 
 
2
1
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Fig. 2.6. Micrographs of the fabrication process and settings 
 
In a typical experiment, the fibrous preform with embedded electrodes are laid on a single-sided glass 
mold to undergo the bagging process. During the bagging process, great care is taken to lift out the other 
ends of electrodes and thermocouple to be respectively connected to the digital multimeter (DMM) and 
thermometer without compromising the vacuum quality state. The suspension is then infused into the 
preform which causes simultaneous wetting in its in-plane and traverse directions. Spiral tubing is 
utilized for resin suction and infusion lines. Prior to resin injection, the vacuum was applied to the mold 
for 30 min to debulk the preform. Debulking a preform is the process of removing air, usually through 
compression, from a composite laminate or prepreg. Debulking increases the density of the composite 
part, promotes adhesion, prevent wrinkles by insuring seating on the tool. Macrographs of the 
fabrication process and settings are shown in Fig.2.6.  
 
2.2.4 In Situ Data Acquisition   
   
Electrical resistance of the assigned paths was measured by using a low-resistance digital multimeter 
Keithley 2002. In order to ensure simultaneous resistance reading of electrode pairs, Keithley 7001 
switching system was used to make the measurement automatically, alternating from one electrode pair 
to another. Temperature measurement was simultaneously carried out using a micro-thermocouple of 
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type-K. This type is commonly used in a harsh industrial environment. Furthermore, it presents a wide 
range of temperature measurement typically from -20 to around 4000c. The micro-thermocouple was 
connected to a datalogger thermometer HH1384 from OMEGA while the resistance measurement 
systems were connected to a computer, and data acquisition could be monitored real-time, as shown in 
Fig.2.7.  
 
 
 
Fig. 2.7. Illustration of data acquisition system 
 
 
2.3 Characterization of Composites Before and After Infusion 
2.3.1 Differential Scanning Calorimetry (DSC)  
 
The DSC analyses were performed using Q20 (TA Instruments). The experiments were carried out 
under a constant flow of nitrogen at 50 mL/min. Prior to each DSC run, a small amount of uncured (7-
10 mg) or cured (10-20 mg) sample was sealed into a Tzero aluminum hermetic DSC pan. The sample 
was then put in the DSC cell, which was pre-cooled to 20oC, and subjected to a specified thermal cycle. 
The glass transition temperature (Tg) was evaluated.    
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2.3.2 Morphology Evaluation  
 
In order to understand the development of the micro and nanoscale structure during the 
manufacturing process, the microstructure of nanocomposites (MWNT + UPE) was assessed at various 
stages of the manufacturing process. A small droplet of the liquid suspension was placed between a 
microscope glass slide and a cover slip, giving a sample thickness of 20 ± 10 µm. The state of dispersion 
of the CNTs in the UPE resin at a given stage was then assessed by transmission optical microscopy 
using the slide (Virtual Microscope from Olympus, Japan).  Additionally, the cross-section of cryo-
fracture surfaces of bulk cured nanocomposites and delamination fracture surfaces of the fiber 
composite were mounted on a SEM stub, sputtered with palladium-gold and investigated using a 
scanning electron microscope (cold FE-SEM) manufactured by Hitachi.  The cross-sections of the 
composite panels were observed under an optical microscope (MVX10) manufactured by Olympus 
(Tokyo, Japan), and the microstructure and structural integrity were analyzed.   
 
2.3.3 Rheological Measurements  
 
Dynamic and steady shear mode rheological measurements of as prepared solutions were carried out 
using a HAAKE MARS III modular rheometer platform from thermo Fisher Scientific, Germany. The 
temperature was controlled electrically using a peltier element (temperature module TM-EL-C), and a 
coaxial cylinder sensor system according to DIN 53019/ISO 3219Z was employed. The sensor system 
has an extremely small front surface influence and is therefore intended for exact measurement. In the 
dynamic shear mode, stress sweeps test were performed to identify linear viscoelastic regime. Shear 
stress was fixed at 1Pa during all frequency sweep tests. The steady shear rate mode viscosity 
measurements of the suspensions were measured in the 0.1–1000 s-1 shear rate range as well. The 
temperature was stabilized at both 25 and 30oC for all measurements.  
 
2.3.4 Bulk Electrical Resistivity Measurement 
 
For bulk conductivity measurement, two and four-point probes methods were used to measure the 
resistance of composite rectangular specimens measuring 70 mm in length and 13 mm in width. The 
thickness varies according to the sample.  
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Fig. 2.8. Illustration of bulk conductivity measurements of composites in the case of four-point probes 
method. 
 
Four/two strips consisting of conductive silver paste were applied to the ends of the specimens to 
serve as electrodes, and were connected to the Keithley model 2002 digital multimeter (for low 
resistance) or Keithley Model 6517B electrometer (for high resistance) for bulk resistance measurement 
(Fig. 2.8). The bulk electrical conductivity (σ) of the composites was calculated according to the 
following formula: σ = t / ( R v × A )  where t and A are thickness of the specimens and effective area of 
the measuring electrodes, respectively. The main problem with the two-wire method as applied to low 
resistance measurements (Fig. 2.8) is that the total lead resistance is added to the measurement. Because 
the test current causes a small but significant voltage drop across the lead resistances, the voltage 
measured by the meter won’t be exactly the same as the voltage directly across the test resistance (Rv), 
and considerable error can result. Typical lead resistances lie in the range of 1 to 10 mΩ, so it’s very 
difficult to obtain accurate two-wire resistance measurements when the resistance under test is lower 
than 10 to 100Ω (depending on lead resistance). For this reason, we used four-wire method whenever 
necessary. The above described method allows having results of volumetric conductivity of bulk 
homogeneous material in general or in the desired directions for inhomogeneous one.  
imilar to a DMM, electrometers offer multiple measurement functions such as volts, current and 
ohms. However, the electrometer has special input characteristics which offer special advantages for 
measurement of low values of current or high values of resistance. For example, the Volts function uses 
a much higher input impedance than a DMM which will minimize circuit loading. The volts and current 
functions of the electrometer were used to generate intensity-voltage (I-V) plots in this thesis. The 
electrometer Resistance function offers extended ranges into the giga- or tera-ohm range. DMMs 
typically determine resistance by sourcing a current and measuring the resulting voltage. An important 
difference of electrometer when compared to DMM is the ability to source a known voltage and measure 
Ag electrode 
(5 mm wide)
Composite 
specimen
V
A
75 mm
10 mm
10 mm
< 3 mm
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the resulting current to determine resistance. This is especially important for materials whose resistance 
will vary as a function of the applied voltage such as usually seen with insulating materials. 
 
2.4 Results and Discussion   
2.4.1 DSC 
 
As recommended by the UPE supplier, a mixing ratio between 1 and 2% of accelerator and initiator 
with respect to resin, it was necessary to optimize the percentage to be used in this experiment. The aim 
is to obtain a composition that would not hinder the infusion process by allowing premature onset of 
cure nor detrimental for the resultant composite properties. Non-isothermal scan from -500C to 2500C 
at a heating rate of 100c of pre-ambient cured composites were carried out. 0.5, 1 and 2% mixing ratio 
cases were examined. Glass transition temperature was the main parameter that determined the choice. 
As seen in Fig 2.9. There is less changes in the Tgs of the three composite samples (Fig.2.9) which 
increased in the order of 0.5, 2 and 1 %. 2% dosage basically leads to a quick onset of cure. 1% which 
shows the tendency to have a better Tg was found to be the most suitable as it will also delay the onset 
of cure and favor a safer infusion process.     
 
 
Fig. 2.9. DSC measurements of solid UPE of 0.5, 1, and 1.5% reactants mixing ratio dosage. 
 
2.4.2 Microstructural Characterization of MWCNT/UPE Mixtures and Composites 
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Nanoreinforced mixtures were characterized before the curing. The dispersion degree after every step 
of the calendaring process were evaluated by analyzing optical images of volume distribution of 10-15 
µm thick film (Fig. 2.10). Highly entangled large and isolated MWNTs aggregates with well defined 
boundaries characterized the initial resin suspension for step A which is expected only to break up the 
big agglomerates sizes (Fig.2.10 (a)). As the applied shear force increases, the areas of clear UPE resin 
decreases. Aggregates sizes decrease with blurred boundaries due to the further unravelling of 
MWCNTs forming areas of separate and individual MWCNTs around the aggregate dense core (Fig.2.10 
(b-c)).  
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Fig. 2.10. Optical micrographs of uncured MWCNT/UPE nanocomposite: (a) Suspension A; (b) 
Suspension B; (c) Suspension C1; (d) Suspension c2; (e) Suspension C100; (f) Suspension C3. 
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Fig. 2.11. Optical micrographs of uncured MWCNT/UPE nanocomposite: (a) Case A; (b) Case B; (c) 
Case C1; (d) Case C2; (e) Case C100; (f) Case C3;  
 
As from suspensions C2 to C3 (Fig.2.2 (d-f)) a stable and uniform dispersion of CNT throughout the 
resin can be seen indicating a finer structure of loose aggregates in the inner structure of the suspensions 
suggesting that relatively small aggregates and individual CNT co-exist. The structural integrity of 
fabricated composites was examined through optical images as shown in Fig.2.11 which evidences 
void-free cross-sections of composites.   
 
2.4.3 Rheological Behavior  
  
The flow of the MWCNT suspension through the glass fiber porous architecture is an interesting 
topic and important issues in fabrication of such hybrid composites. A primary flow study was carried 
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out by investigating the viscosity vs shear rate to correlate the rheological behavior of MWCNT/UPE 
to the conditions experienced during flow. The viscosity of the neat UPE resin is independent of 
frequency (Fig.2.12 (a)), consistent with behavior exhibited by a Newtonian fluid. Suspension A which 
contains 0.2% loading of MWCNT also depicted a Newtonian behavior (Fig.2.12 (a)), this is attributed 
to the low dispersion state of MWNT into the solution. In fact the dispersion step that leads to 
suspension A is the first one and is intended to only allow disaggregation of larger agglomerates. As 
the applied shear force increases, the behavior changes to that of a complex fluid, with shear thinning 
behavior being exhibited from suspension B to C3 (Fig. 2.12 (a)). The low frequency range is useful for 
discerning differences in the structure of the systems. As can be seen, suspension C3 exhibited more 
distinct shear thinning behavior at low shear ranges as compared to C2, C100, C1 and B. Moreover it 
has the highest viscosity at high shear ranges suggestive of a more highly dispersed system and/or 
stronger UPE resin–MWNT interactions, both of which provide resistance to shear thinning. It should 
be noted however that the level of viscosity of C3 is well above the threshold (300-1000 cP) of 
processability by VARTM40. It is thus anticipated that C2 and C100 systems are the optimized best 
candidates to compromise between VARTM viscosity threshold level and the dispersion level given 
that the suspensions are subjected to the same degree of shear rate during infusion. Furthermore 
viscosity measurements of all suspensions exhibited a noticeable decrease at a closer but higher 
temperature (from (25 to 30)0C) evidencing the sensitivity of the viscosity to the temperature and thus 
highlighting the importance of processing conditions (Fig.2.12 (b)). 
 
 
 
Fig. 2.12. Apparent viscosity measurements uncured MWCNT/UPE nanocomposite: (a) in 250 C 
condition; (b) in 300 C condition.  
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In order to enhance the processability of UPE/MWNT nanocomposites for infusion purpose, 
rheological behavior of the nanocomposites in liquid state should be understood. Structure-property-
relationship can be uncovered through rheological properties of the nanocomposites. We performed 
dynamic oscillatory shear measurements of polymeric materials by applying a time dependent strain, 
𝛾(𝑡) =  𝛾0sin (𝜔𝑡)  and measuring resultant shear stress, 𝜎(𝑡) =  𝛾0[𝐺
′ sin(𝜔𝑡) + 𝐺′′cos (𝑤𝑡)],  
where 𝐺′and 𝐺′′ are storage and loss moduli respectively. The storage modulus (G’) and loss modulus 
(G’’) of the samples increased with increasing of frequency (Fig.2.13 (a-b)). This is due to the fact that 
at low frequency, time is large enough for unraveling of the entanglements, therefore a large amount of 
relaxation occurs which results in low values of storage and loss modulus. However, when a sample is 
deformed at large frequency the entangled chains do not have time to relax, so modulus goes up. 
Moreover it is worth nothing that 𝐺′𝑎𝑛𝑑 𝐺′′ have similar rheological behavior as they both increase 
in the order of neat UPE, A, C1, C100, C2 and C3 (Fig.2.13 (a-b)). This was attributed to the internal 
structure of nanocomposites. In fact from the dispersion perspective of MWNT into UPE using the three 
roll mill, the shear stress increases in the other of UPE, A, C1, C2 and C3 as a result of increasing the 
number of passes and decreasing the gap between rolls. As the shear rate increases, the MWCNT 
dispersion state into UPE increases as well, therefore the interaction between the MWCNT and the resin 
becomes larger which restrains the polymer chains and is manifested by the increase of the modulus. 
Additionally MWNTs form the percolated structure due to their high aspect ratio and high surface area, 
for this reason the orientation effect mentioned above will increase with the aspect ratio. It is likely for 
this reason that the low aspect ratio CM100 showed lower values of modulus as compared to CM250 
(Fig.2.13 (a-b)). 𝐺′𝑎𝑛𝑑 𝐺′′ can be thus regarded as a means to examine the degree of filler-host 
material matrix interaction.  
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Fig. 2.13. Modulus measurements of uncured MWCNT/UPE nanocomposite: (a) loss modulus; (b) 
storage modulus.  
  𝑇𝑎𝑛 𝛿 = 𝐺′′/𝐺′ is a well-known means to uncover the viscoelastic behavior of fluids. In general, 𝐺′ 
is related to the ability of the material to store energy when an oscillatory force is applied and 𝐺′′ is 
related to the ability of the material to lose the energy. 𝑇𝑎𝑛 𝛿 was just below 1 for the suspensions C3, 
C2, and CM mostly at low frequency ranges (Fig.2.14 (a)) with C3 displaying the lowest tan 𝛿.  Hence 
the viscous (solid-like behavior) of C3, C2, and C100 as compared to the elastic (liquid like-behavior) 
of C1, B and A (Fig.2.14 (a-b)).  
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Fig. 2.14. Complex viscosity and tanδ measurements of uncured MWCNT/UPE nanocomposite: (a) 
complex viscosity of all samples; (b) tanδ of suspensions B-C3; (c) tanδ of suspensions A and neat UPE. 
 
The complex viscosity |𝜂∗| of the CNTs/UPE composites increased in the order of UPE, A, C1, 
C100, C2 and C3. A and B suspensions exhibited a typical Newtonian behavior fluid whereas C1, CM, 
C2 and C3 showed a non-Newtonian behavior with C3 being the most pronounced (Fig.2.14 (c)). The 
increase in the complex viscosity with respect to the dispersion state of CNTs is primarily caused by the 
large increase in storage modulus𝐺′ . 𝐺′ has higher values compared to 𝐺′′ and the increase in 𝐺′ is 
more pronounced compared to 𝐺′′. 
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2.4.4 Filtration Assessment  
 
The distribution of MWCNTs throughout the composites from the inlet to the outlet were investigated 
using the electrical resistance measurement during composites manufacturing. Fabricated composites 
resulted from suspensions C1, C2, C3, and C100. The beginning of monitoring corresponds to the instant 
where the entire part is vacuum-bagged and thus a simultaneous reading of electrical resistance and 
temperature begins. For all experiments, the composite manufacturing process can be divided into three 
stages: (i) vacuum state; (ii) resin infusion; (iii) curing.  
 
2.4.4.1 Manufacturing with Case C1  
 
 
The first stage scenario is common for all cases. The initial resistance readings were infinite (~1037 
Ω). This was attributed to the insulator nature of glass fabrics. The second stage was the resin infusion. 
In the case of fabrication using suspension C1 (Fig.2.15 (a)) with less dispersed MWCNTs, an 
exponential decrease in resistances values was observed for each path as the mixture flow progresses 
from the inlet to the outlet. At the completion of infusion, the final resistance readings was affected by 
the distribution of MWCNT from the inlet-point location to the vent-point location. Display of different 
resistances level which increases in the order of path 1_2, 5_6, 3_4, 7_8 and 9_10 was observed. The 
resistance of path 3_4 was slightly lower than the one of path 5_6 suggesting preference nanofiller 
deposition in the fabrics. During the curing, the first striking phenomenon here is that the resistance of 
path 9_10 gradually increased and jumped to infinite as a result of very high resistance. This infers that 
the gradient in nanotube concentration in sample C1 is significantly high indicating the occurrence of 
cake filtration at a microscopic and macroscopique level. Size exclusion is considered as the main 
filtration mechanism for this CNT system in addition to the nonsphericity of the nanoparticles. Large 
agglomerates present in the C1 suspension may have clogged the porous fabric media as the infusion 
was being proceeded causing high retention of nanoparticles. 
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Fig. 2.15. Typical electrical resistance response of electrode pairs using suspensions C1: (a) without 
resistance of path 9_10; (b) only resistance of path 9_10.  
 
To further understand the curing behavior of composites during the fabrication process, we monitored 
the curing behavior of the UPE/MWCNT mixture at ambient air while looking at the effect of CNT 
length and dispersion state. To do so the suspension was poured in an elastomeric rectangular cavity 
mold of 1 mm depth. Electrodes were placed at each extremity of the rectangular shape to measure the 
volume resistance of the suspension during the curing process. Right after the suspension was poured 
in the cavity, the electrical resistance measurement was started simultaneously with the temperature as 
well. Result for the case of suspension A is shown in Fig.2.16 (a). It can be seen that the resistance 
instantly decreases abruptly as the voltage is applied probably due to the alignment effect of individual 
CNT, before adopts a uniform value prior to the onset of cure. The onset of cure, this is the beginning 
of crosslinking is detected as the temperature rises steadily. At that time the viscosity of the suspension 
should decreases due to the crosslinking reaction initiation.  
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Fig. 2.16. Typical curing behaviors of suspensions via electrical resistance response of electrode pairs 
using suspensions C1: (a) Suspension A; (b) Suspension C2; (c) Suspension C100.  
 
This leads to a slight understandable increase of the resistance since the high molecular movement 
may hinders the mobility of charge carriers entities which are not sufficiently connected due to the 
limited dispersion of MWCNTs as a result of the presence of high aggregates in the resin.  As the 
crosslinking furthers on, the volumetric resistance shows a rather erratic behavior with the tendency to 
increase. This is attributed again to the presence of large aggregates in the suspension.  Near the 
highest temperature level, the suspension has networked sufficiently and it no longer needs the mold to 
maintain its final shape. The resultant volumetric shrinkage has drawn closer the agglomerates present 
in the suspension A thus easing a more stable conductive network formation. Consequently, the 
resistance decreases and levels-up as the solidification happens. The maximum temperature point here 
is then considered as the gel point. 
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In essence, during the composite manufacturing, electrical resistance measurements are possible 
because of the conductive network being formed in the UPE/MWCNT mixture, we reasonably conclude 
that the peak of the temperature observable in Fig.2.15 (a) is also the gel point. However, due to the 
bridging effect of the insulate glass fabrics, the resistance curves may not be able to feature 
systematically all the events that take place at the molecular level. Nevertheless, the temperature 
variation can inform us by referring to the UPE/MWCNT mixture variation.   
 
2.4.4.2 Manufacturing with Case C2  
 
 
At the resin infusion, all the resistance curves dropped as the mixture flows from the inlet to the vent 
to a readable number in the ascending order of 1_2, 3_4, 5_6, 7_8, 9_10 as a result of the progressive 
filtration of nanoparticles. However it can be seen from Fig.2.17 (a) that curve 3_4 appears to overlap 
with curve 5_6 implying similar electrical paths properties. Resistance of path 7_8 is also close to paths 
3_4 and 5_6 inferring that the filtration effect was considerable after the nanocomposite had wetted at 
least half of composite. These observations show that the gradient in nanotube concentration in the C2 
system is significantly lower which indicates that the deep bed filtration is the dominant mechanism in 
this system in the initial stage of filling. Moreover later in the process, the accumulation of retained 
nanoparticles might have led to retention via size exclusion and microscopic filtration, which is not 
visible with the naked eye. For this reason curve 9_10 had the highest resistance and distanced from the 
other curves.  
To understand the curing process of system C2 the curing behavior of its liquid mixtures was 
investigated in the same manner as above in system A, the result is shown in Fig.2.16 (b). A dual-step 
drop of resistance is observed. The first one is attributed to the orientation effect of MWCNT as the 
voltage is applied which improves the mobility of charge carrying entities. During this stage, the 
temperature remains unchanged. At the debut of crosslinking formation noted as the temperature begins 
to rise steadily, the resistance decreases linearly and adopts a plateau value at the gel point this is at the 
peak of the temperature. Unlike case A, we did not observe an increase of resistance as the viscosity of 
the suspension increases. This was attributed to the well-dispersed state of C2 as compared to A. Higher 
dispersion induces more single and disentangled MWCNTs in the suspension which consequently lead 
to a stable conductive network owing to the high aspect ratio and surface area pertaining to CM250. 
This stable conductive network is not adversely affected by the suspension viscosity whereas the loose 
conductive network of A is hindered or disrupted by the chains movements during crosslinking 
formation which sheds the light on the reason why curve 9_10 in the case of C1 (Fig.2.15 (b)) went to 
infinite. Interestingly, curve 1_2 (Fig.2.17 (a)) belonging to system C2 also displays a clear dual step 
decrease when compared to other respective curves in (Fig.2.17 (a)). This happens because path 1_2 is 
situated closely to the inlet where there is an accumulation of the mixture owing to the presence of spiral 
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turbine. Moreover path 1_2 is the location where most of the nanoparticles filtration are likely to take 
place, which may explain why his behavior is very close to mixture cure behavior. Furthermore it is 
interesting to note in Fig.2.17 (a) that the gel point is quite clearly manifested as all the curves adopt a 
plateau value.  
 
 
Fig. 2.17. Typical electrical resistance response of electrode pairs using suspensions C2 and CM: (a) 
with suspension C2; (b) with suspension C100. 
 
2.4.4.3 Manufacturing with Case CM 
 
 
Fig.2.17 (b) shows the curves of respective paths when UPE nanocomposite (CM) is infused while 
Fig.2.16 (c) shows the result of cure behavior of its nanocomposites. Events such as infusion and gel 
time are similar to that of C2. However at the completion of infusion, and throughout the curing process 
curves 3_4 and 5_6 were almost overlapped with the tendency of curve 3_4 to be higher. The same 
behavior is seen in the case of curve 7_8 and 9_10 whereas curve 7_8 has the tendency to be higher. 
These observations indicate preferential particles deposition throughout the fabrics. This is probably 
due to the porous media structure. Inter-tow pores scale in DBLT are in the order of 500 nm as measured 
on the surface tow (Fig 2.2 (d)) which compared to CNT length is one of the reason for size exclusion. 
Moreover DBLT fabric is a stack of four unidirectional weaved fabric in different orientation which is 
likely to introduce the non-uniformity of the permeability of the fabrics across its thickness. As a result, 
the rate of filtration of the nanoparticles across the thickness is also not uniform, hence the non-
organized values in path resistances at the completion of infusion. Complications in processing 
associated to the fabric type has been reported35. Looking at the global curves behavior, it is clear that 
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the deep bed filtration due mainly to size exclusion associated with through thickness filtration 
dominated the nanoparticles infiltration. The resistance values in this case is lower than the C2 from 
corresponding path-to-path, this is mainly caused by the length effect. It is well known that long CNTs 
tend to form stable and efficient conductive network when compared to their short counterpart ones. 
Short length did not decrease the filtration state, instead is likely to create non-linear electrical property.       
On the other hand, the curing behavior of C100 suspension was essentially the same as in C2 suspension 
and can be correlated with the paths curves for the corresponding composite. 
 
2.4.4.4 Manufacturing with Case C3 
 
 
Fig.2.18 (a-b) shows the curves of respective paths when UPE nanocomposite (C3) is infused. The 
trend after infusion was the same throughout the process. It is seen that the curves of respective paths 
increase in the ascending order of 1_2, 3_4, 5_6, 7_8, 9_10 resulting from the filtration experienced by 
MWCNTs during the flow-impregnation from inlet to the outlet. Gaps among neighboring plots look 
much steadier and the resistances values are the lowest from the path-to-path perspective notably from 
1_2 to 7_8 as compared to other cases. This suggests that deep bed filtration at the microscopic stage 
dominated the initial stage of filling. Lowest path resistances for C3 is attributed to the best MWCNTs 
dispersion state exhibited among all the systems as discussed in the rheology path which was manifested 
by an increase in viscosity.  It is thus expected that loose aggregates and individual carbon nanotubes 
coexist in C3 suspension. However it is seen that the resistance increases suddenly from path 7_8 to path 
9_10, this is associated to the highly non-Newtonian behavior of the suspension. Hence deep bed 
filtration at the macroscopic stage is expected to have dominated the end of the infusion in C3 suspension. 
One can therefore predict some color variations in the final composite made with C3 suspension as a 
clear indication of CNT filtration by porous media. Tracking the in situ resistance of respective paths 
can be then regarded as a powerful tool to indirectly predict the final composite quality, it bears the 
potential to serve as an active control element which can enable automatic decision to prevent defect in 
multiscale composite manufacturing.  
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Fig. 2.18. Typical electrical resistance response of electrode pairs using suspensions C3. (b) is the 
magnification of (a).  
 
2.4.5 Tentative of Degree of Filtration Assessment of Porous Media by In Situ Resistance 
Measurement   
 
To further better understand how the in situ resistance measurement can be used to evaluate the 
degree of dispersion, we plotted the final path-resistances of each system with respect to their position 
from the inlet to the vent. Results are shown in Fig.2.19. We define the filtration level by RH –RL, where 
RH and RL are respectively the lowest and highest path-resistance value in each system. Path 1_2 is the 
first path as looking from the inlet to the outlet in the fabrics. Its position makes him the closest one to 
the spiral tubing located at the inlet. The accumulation of the mixture at the inlet makes the path 1_2 
resistance values a little thwarted because we could not ensure that the same amount of resin was stacked 
at the inlet for each case that would assure proper comparison. Nevertheless it may provide a reasonable 
means to evaluate the degree of dispersion.  Resistance 1_2 values as obtained and seen in Fig. 2.19, 
is classified in the ascending order of C3, C2, CM, and C1 which is in line with the rheological analysis 
in term of UPE/MWNTs interactions.  
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Fig. 2.19. As-obtained final resistance paths of all samples with respect to their position from the inlet 
to the outlet. 
 
An intrinsic evaluation of the degree of dispersion is given here by taking only in account paths 3_4, 
5_6, 7_8, 9_10. As explained above, the idea here is to evaluate solely the interaction between the host 
porous media and the suspension. RH –RL yields 9.91037, 1.8105, 4.6104, 2.3104 for respectively C1, C3, 
C2, CM. Clearly CM displays the least filtration state. This attributed to its lower length which may 
diminish the size exclusion effect. Including path 1_2 yields C2 suspension as the least filtered as it can 
be seen in Fig.2.19. Excluding path 9_10 yields C3 suspension as the least filtered. So on a short distance 
the highest degree of dispersion minimizes the filtration state. C3 has the highest but is penalized by its 
highest viscosity which compromises the fabrics impregnation. For almost the same degree of 
dispersion, the smaller length seems to control the filtration status, this is the aspect ratio. So to 
minimize the dispersion state while designing the multiscale composite manufacturing, the best balance 
has to be made among parameter such as Viscosity, degree of dispersion, nanoparticles structure and 
aspect ratio, porous media structure whereas the second parameter seems to be the most critical as it 
minimizes the nanoparticles agglomerates.  
 
2.4.6 Electrical Properties of Composites  
 
2.4.6.1 Bulk Resistivity Measurements  
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Fig. 2.20. Resistivity measurements of fabricated composites as function of specimens positions from 
inlet.  
 
The result of the resistivity measurement in the in-plane direction is displayed in Fig.2.20 with spatial 
considerations. The trend is very similar to the electrical resistance measurement. The scattering in 
resistivity values is highest in C1 system which is in line with the in situ resistance measurement. 
Moreover, C2 shows anisotropic behavior. This strengthens the capability of electrical measurement as 
an in situ tool to evaluate the filtration state in composites. Some potential mechanism other than the 
ones cited above such as inertial effects and direct interception with the fiber surface could be active to 
promote the preferential particles deposition in composites. Moreover, Reia da Costa E. F35 found in 
CNT/epoxy filled unidirectional carbon fiber using SEM that the regions located between the carbon 
tows and the orthogonal stitches that hold the tows together were potential rich resin pockets. These 
regions seem to be numerous in a DBLT fabric favoring anisotropic electrical property.  
 
2.4.6.2 Current Voltage (I-V) Characteristic  
 
To investigate the electrical behavior of fabricated composites, the current-voltage (I-V) 
characteristics were measured. Ohmic behavior is primarily expected if the graphitic type of 
conductivity exists in the composite102. A sweep in applied voltage from 0 to 1000V was carried out 
and resulted electrical intensities was used to plot in accordance to the relation I =A V where A is the 
composite electrical conductance which is he reverse of composite electrical resistance. The I-V 
behavior of composites made of C2 and CM suspensions can be assumed to readily follow ohm’s law 
behavior until a certain extent irrespective of the specimen position (Fig.2.21). However composite 
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specimens from C3 and C1 located toward the vent did not follow an ohmic behavior due to lack of 
MWCNT at that location which could have provided the needed conductive network. Non-Ohmic 
behavior is due to increase in probability of electron transfer through the insulative barrier with increase 
in electric field. However the ohmic behavior did not survive throughout the voltage sweep. It was 
found that the higher the specimen conductance the earlier the ohmic behavior breakdown. In another 
words, the probability of transition from ohmic-conduction to tunneling-conduction increases with the 
specimen conductivity.   
 
 
 
 
Fig. 2.21. I-V behavior of fabricated composites for specimens of each sample located respectively at 
the inlet, middle, and vent: (a) samples C1,. (b) Sample C2. (c) Sample C3. (d) Sample C100.  
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2.4.7 Interfacial Flow Monitoring  
 
The monitoring of the flow at the middle of the fabrics this is at the interface, was simultaneously 
conducted with the filtration analysis. As the CNT/UPE mixture enters the initially insulating glass fiber 
layup, each electrode pairs located at the interface displays a plummet in resistance as the corresponding 
path is completely wetted. This implies that the plummet in resistance happens at different time for each 
electrode pairs from the inlet to the outlet. We used the respective times and the corresponding position 
to investigate the interfacial flow.  
The solution of Darcy’s problem for a fluid of constant viscosity 𝛳, in a porous medium of constant 
effective permeability K and porosity 𝜖 in a one dimensional situation with prescribed pressures at the 
inlet and outlet can be described by the expression35 ℎ(𝑡) = √(
2Κ
𝜖𝛳
)(𝑝0 − 𝑝∞)𝑡 where h(t) denotes the 
flow front position at time t, 𝑝0 and 𝑝∞ are the prescribed pressures at the inlet and outlet of the mold 
respectively. This solution implies a linear dependence of flow front position on the square root of time 
as h (t) = C t1/2 where 𝐶 = √(
2Κ
𝜖𝛳
)(𝑝0 − 𝑝∞). We fixed h values to be the position of each electrode pair 
with reference being the edge of the fabric toward the inlet. The corresponding times (t) were 
automatically recorded as explained above. The flow front position versus the square root of time is 
shown in Fig.22. It is clear that C3 Significantly deviated from linear behavior after the mixtures had 
wetted almost ¾ of the fabrics and the filling time significant increases when compared to precedent 
filling time between two adjacent electrodes pairs. The filling of ¾ of the fabrics in system C3 appeared 
to perfectly follow the linear fit. The deviation from the square root dependence of the C3 at the end of 
the impregnation is primarily attributed to its highly non-Newtonian behavior as compared to other 
suspensions. Hence the effect of suspension viscosity. Au contraire C1, C2, and CM followed the linear 
fit almost closely. From the C1 case, we can see that the filling behavior at the inlet is showing a little 
deviation from the rest of the path, this is attributed to the retention of agglomerates at the inlet by the 
reinforcement which modifies both the local permeability of the fabric and the mixture viscosity. 
Deviation from the inlet could be a sign of cake filtration. On the other hand C2 showed moderate 
deviation toward the outlet as a sign of deep filtration. CM displayed rather an erratic behavior with 
very moderate deviations which could explain the above electrical anisotropic behavior inherent to the 
preferential through thickness infiltration. In general apart from the highly noticeable deviation of C3, 
acceptable linear fits characterize the rest of other systems which comfort the idea that C2, and C100 
dispersion conditions are quite well optimized and are in the VARTM acceptable range.  
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Fig. 2.22. Resistivity measurements of fabricated composites as function of specimens positions from 
inlet 
 
2.5 Summary  
 
In this chapter we introduced a novel method for in situ filtration assessment of MWCNTs . Different 
suspension mixtures were prepared. Rheological investigations helped us to uncover the structure-
property-relationship of the different suspensions. Their viscoelasticity behaviors were elucidated. The 
knowledge on the degree of dispersion as clarified by the rheology studies were correlated with the 
degree of filtration. The degree of filtration for each system was exhaustively analyzed based on results 
provided by the in situ electrical system measurement. The suspension state, the porous media type, the 
naofiller type, and the infusion settings appeared to alter the resultant composite, whereas the dispersion 
of nanofiller was decisive in determining a complete infusion and less filtration. In this chapter a process 
monitoring which encompasses all the manufacturing steps were carried out.  
In the following chapter we will perform a whole process monitoring but for MWCNTs coated fiber 
reinforcements instead of being pre-mixed with the resin.          
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III. IN SITU PROCESS MONITORING OF MULTIWALL CARBON NANOTUBE COATED 
GLASS FIBER REINFORCEMENT 
 
In order for composites to be widely used notably by the consumer goods industry such as the 
aerospace, automotive and sports industries, two major goals has to be achieved: - The cost of raw 
materials has to keep decreasing. - Secondly and the most important, Manufacturing methods that allow 
high-volume production while relying more on the fundamental understanding of the physics of the 
process rather than the accepted trial and error practice ingrained on the shop floor of the manufacturing 
sites. Good quality composites means uniform and proper cure, lack of voids or excessive residual stress. 
Process control is essential to the operation of any manufacturing process, and composites processes 
are no exception. Composites provide a vast array of material and processing methods, each of which 
may require different expectations and solution for process control. 
In this chapter we introduce an in situ process monitoring of hierarchical micro/nano composites 
using carbon nanotube percolated network which had been used to coat glass fiber reinforcements, 
thereby imparting new functionality to the final composite during service.    
   
3.1 Materials 
 
CVD-grown multi-walled carbon nanotubes (MWCNTs), UPE are used here and were described 
in sections 2.1.   
3.2 Composites Manufacturing and Microstructure Analysis 
MWCNTs were horn-sonicated in methanol at a concentration of 1 g/L for 30 min to obtain a 
homogeneous MWCNT suspension. A 150 mm X 150 mm fiber fiber textile was coated by  
spraying the MWCNT suspension using an air brush (Creamy (K) 3A, Kinki, Japan) with a nozzle 
diameter of 0.5 mm at a regulated pressure of ~2 kgf/cm2. An illustration of the experimental protocol 
is shown in Fig.3.1. The solvent was removed from the MWCNT-spray-coated fiber textile by drying 
it in a vacuum oven overnight at 60C. The thickness of the single MWCNT coat can be roughly 
calculated by the equation, t = m / A, where m is the mass of MWCNTs sprayed,  is the density of 
MWCNT, and A is the area over which the MWCNTs are sprayed. Multiscale composites were 
fabricated using VARTM. The microstructures of MWCNT networks deposited on a DBLT 850-E glass 
fiber were analyzed using a scanning electron microscope (SEM, Nanonosva 230), manufactured by 
FEI (Hillsboro, OR, USA). 
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Fig. 3.1.  Illustration of the spray deposition technique. (a) reservoir; (b) spray gun; (c) To air 
compressor; (d) Glass Fiber fabric. 
 
3.3 In situ Data Acquisition    
The set-up of data acquisition described in section 2.2.3 was used here. 
 
3.4 Results and Discussions 
3.4.1 Quantifying Sensor Capability 
 
The sensor capability was assessed on the basis that it should be able to pinpoint the main steps during 
a VARTM fabrication process, for instance the onset and end of both infusion and cure should be clearly 
identified. It is worthy to precise here that the resin cures at room temperature. No external energy is 
supplied and the temperature is then expected to remain constant until the reaction exotherms. 0.1 g of 
CM250 was sprayed on glass fiber textiles under the condition specified above. Point-electrodes were 
embedded at opposite ends of two plies as shown (inset of Fig.3.2 (a) and Fig.3.2(c)). We lowered the 
resin speed during infusion by using half of normal distribution medium (inset of Fig. 3.2(c)) during 
the second experiment with the aim to check sensor accuracy and to further have an insight on the 
phenomenon taking place in each ply in a multi-layered system.   
The beginning of monitoring corresponds to the instant where the entire part is vacuum-bagged and 
thus a simultaneous reading of electrical resistance and temperature begins is then launched prior to 
infusion. For both experiments, the composite manufacturing process can be divided into three stages: 
(i) vacuum state; (ii) resin infusion; (iii) curing. In the first stage, the electrical resistance readings are 
initially stable but slightly decrease upon vacuum application (Fig.3.2 (a)), which tends to “compact” 
the MWCNT network thus facilitating carrier mobility throughout the conductive path. Subsequently, 
vacuum was cut off to make sure the system was free of leakage, as confirmed by a stable resistance 
signal prior to infusion, which was observed in both of the cases considered in this study (Fig.3.2 (a) 
and Fig.3.2(c)). 
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The second stage was the resin infusion stage. In Case (a), where the resin distribution medium covers 
the entire ply area, an exponential increase in resistance was observed and a maximum height is reached 
after a time corresponding to the time for the resin to move from the inlet-point-electrode location to 
the vent-point- location as observed in the inset in Fig.3.2 (a). Once this saturation point is achieved, 
the resistance decreases, which is attributed to the onset of a noisy exothermic state due mostly to rapid 
polymer chain movement. A real-time screen display is exemplified as inset in Fig.3.2 (b). The rest is 
a magnification of Fig.3.1 (a) to further see the behavior which evidences non obvious barely oblique 
line during infusion.  
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Fig. 3.2. Typical basic normalized electrical resistance response of a MWNT film coated single DBLT 
glass fiber ply using point-electrode : (a) using  a full distribution medium with inset schematic 
illustration; (b) Magnification of (a) with inset computer screen during real-time infusion ; (c) with half 
distribution medium and inset schematic illustration; (d) magnification of (c) with inset computer screen 
during real-time infusion.  
Case (c) where we used half of resin distribution medium (inset in Fig.3.2 (c)) shows clearly two 
stages of resistance evolution before the saturation level (Fig.3.2 (d)), an exponential increase and low 
increase characterized by a tilted line instead of a near-vertical line as a results of a half-sized 
distribution medium applied on fabric ply which considerably slows down the resin speed. Clearly we 
can conclude that the disruption of the MWCNT conductive networks due to the resin impregnation 
alters the film resistance in a manner that is related to the resin flow front, hence a real possibility of 
flow monitoring.   
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Fig. 3.3. Typical basic normalized electrical resistance response of a MWNT film coated single DBLT 
glass fiber ply using strip-electrode : (a) using  a full distribution medium with inset schematic 
illustration; (b) Magnification of (a) with inset computer screen during real-time infusion. 
 
The beginning of the third stage is influenced both by vacuum and infusion line states, as well as 
temperature rise due to the exothermic reaction during curing. The resultant resistance in this phase will 
first turn around a plateau value implying that there is insignificant chemical changes in the resin 
capable of affecting carrier’s mobility (Fig.3.2 (a) and Fig.3.2(c)). Then the resistance decreases proving 
that there is sufficient volumetric shrinkage of the resin due to the high-level crosslinking formation 
and thus bringing closer the conductive network paths (as a consequence of a deposited film) to decrease 
the resistance level.  The resistances further levels up once the reaction becomes very slow and could 
not be detectable by the resistance (Fig.3.2 (a) and Fig.3.2(c)). From Fig. 3.2 ((a), (c)) we can see that 
the maximum temperature reasonably tends to coincide with the inflections points of resistance plots 
during cure. At that point, the resin has networked sufficiently and it no longer needs the mold to 
maintain its final shape; the point of inflection is then the gel point 50. Hence the resistance behavior is 
able to showcase the gel point.  
The effect of electrode type was investigated by replacing the point-electrode above by strip-
electrode (inset of Fig. 3.3 (a)) and repeating the same experience as described above. We did not get 
any additional information in Fig. 3.3 ((a), (b)) as compared to the case above (Fig. 3.2 ((a), (b)). One 
could note however a lower slope for the curing stage.  
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3.4.2 Tracking the Resin Flow Front 
 
The experiments reported above gave brief information on the resin flow front like when it reached 
the opposite ends of fabrics but did not provide details on resin when it flows and impregnates the 
fabrics. To reach this goal, a double plies experiment was designed (inset Fig.3.4 (a)). Electrodes are 
placed at the interface of two fabrics.  
As can be seen in Fig.3.4 (a), electrodes were placed between two fabrics. The optimal placement of 
electrodes provides a full flow monitoring of resin at the interface. The electrical resistances measured 
between different electrode-pairs presented different behaviors (Fig. 3.4 (b)). Paths 3_4, 5_6, and 7_8 
which are placed perpendicular to the infusion direction showed similar trends. As the resin completely 
wets the path between two electrodes, changes in resistance readings mainly a sudden increase followed 
by a saturation state where the resistances tend to decrease prior to level up are observed. This indirectly 
provides informations on the progressive state of the resin in the composite structure. 
 
 
Fig. 3.4. Typical basic normalized electrical resistance response of a MWNT film coated single two  
DBLT glass fiber ply using strip-electrode : (b) is Magnification of (a).  
 
On the other hand, curve 1_2 whose path is parallel to the infusion direction exhibited three phases: 
A sudden increase as the resin touches the electrode 1 followed by a tilted line and another sudden 
increase then reaches a plateau value. The oblique line of curve 1_2 corresponds then to the effective 
flow of the resin from point 1 to point 2. The middle point of the tilted line so-called inflexion point of 
curve 1_2 is then regarded as the moment when the resin fully wetted the middle path (5_6) inside the 
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fabric.  This is confirmed by the fact that curve of path 5_6 situated at equal distance between paths 
3_4 and 7_8 passes by the inflection point. Also paths 3_4 and 7_8 coincide respectively with the 
beginning and the end of path 1_2. As a consequence the beginning and end of curve 1_2 which are 
straight lines overlapped with curves 3_4 and 7_8. As a result path 1_2 stands alone can provide full 
informations of the resin flow inside the composite. 
 
3.4.3 Optimizing Sensor Capability: Effects of MWCNT Density and Length 
 
Optimizing sensor capability here implies investigating the sensor structure, this is density and length 
effects on its sensitivity. Two sets of fabrics layup comprises of two fabrics per set coated each at the 
interface were simultaneously infused as shown in Fig.3.5. The two pairs of preforms share the same 
vacuum bag, inlet and vent but with separated distribution medium on each part. The aim is to analyze 
electrodes pair’s behavior of each preform under almost the same experimental condition. In these 
experiments we chose to use strip-electrodes because it was for the solely purpose of optimization.  
 
Fig. 3.5. Schematic illustrating simultaneous infusion of two pairs fabrics and electrodes placement.   
 
3.4.3.1 Effect of MWCNT Density  
 
For the experiment related to the effect of density, case A was sprayed with 0.05 g of CM250 whereas 
case B with 0.5 g of CM250. It can be seen in Fig.3.6 ((a), (b)) that increasing by ten-fold the amount 
of CM250 eliminates the curing state observation through electrical resistance measurements as 
evidenced by paths 5_6 and 7_8 when compared respectively to paths 1_2 and 3_4. Also (R-R0)/R0  
this is the variation in resistance increases less for paths 5_6 and 7_8 during infusion compared 
respectively to paths 1_2 and 3_4. These two effects lead to the inextricable conclusion that a delicate 
conductive network informs well on the ongoing process or any external network disturbances.    
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Fig. 3.6. Typical basic normalized electrical resistance response of a MWNT film coated two pairs 
composites using strip-electrode : (a) Effect of CNT density; (b) Magnification of (a); c) Effect of CNT 
length; (d) Magnification of (c). 
 
 
3.4.3.2 Effects of MWCNT Length 
 
In this case, we used the same experimental set up.  For the effect of length, case A was coated 
with CM100 (shorter length) while case B with CM250 (longer length). As shown in Fig.3.6((c),(d)), 
(R-R0)/R0 of paths 1_2 and 3_4 placed on CM100 coating are higher throughout the process as 
compared to paths 5_6 and 7_8. This sufficiently evidences the fact that CM100 provides a higher 
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sensitivity which is attributed to its smaller length and the pertaining easy-to-disrupt conductive 
network. Hence the UPE can easily bridges the contact between several nanotubes which affects in 
return the resistance prominently, whereas CM250 with a longer length have a more stable network. 
Moreover, at the onset of cross-linking, CM100 layer shows an increase of resistance which leads 
to a peak. This is a typical behavior of nanocomposites infused-fabrics 34 and observing it here could 
only mean that the film layer is sufficiently impregnated. In fact as the reaction starts, the resistance 
tends to increase due to the effect of crosslinking on the viscosity of the thermosetting polymer and the 
corresponding effect on the mobility of migrating charges. This was not observed in CM250 in any case 
and is attributed to the higher surface area of CM250 compared to CM100. CM100 can be easily 
impregnated compared to CM250.   
  
3.4.3.3 Correlation S.E.M Images and Sensitivities 
 
Fig.3. 7 ((a), (b)) illustrates the difference between densities. In the impregnation perspective, case 
(a) which is only 0.05g sprayed is more porous thus allowing the resin to easily infiltrate the fabric. Au 
contraire, case (b) clearly shows a very tough and thick sprayed layer as it is 0.5g MWNT coating, ten 
times higher than the first case, consequently the expected change due to resin impregnation could not 
be well translated into resistance changes as one would not expect a deep conductive network disruption. 
Fig.3.7 ((c), (d)) shows that the as-sprayed 0.1g of  MWCNT can be peel-off from the fabric obligating 
the usage of expression “MWCNT film” employed before . This is more related to the host fabric type.  
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Fig. 3.7. SEM images : (a) 0.1 g CM 250; (b) 0.5 g CM250; (c) 0.1 g CM250 peeled up ; (d) 0.1 g 
CM250 magnified; (e) 0.05 g CM250; (f) 0.05 g CM100. 
 
 
 
 
Fig. 3.7 ((d), (e)) compares 0.1g of CM100 and CM250, we did not see any changes in density. We 
then conclude that the small length of CM100 forms an easy-to-disrupt conductive network compared 
to CM250 which explain the higher sensitivity. Furthermore the higher porosity of CM100 compared 
to CM250 measures elsewhere comforts this assertion 103.  
 
3.4.4 A 3D Flow, Cure And Process Monitoring Using MWNT Percolated Network.   
53 
 
 
3D infusion experiments were carried out using prerequisite results obtained above. We used point-
electrodes, and sprayed 0.05 g of CM100 per face where needed since we seek high sensitity. Three 
manufacturing designs set up were investigated to probe the effects of inlet and vent status on the 
resistance behavior as shown in Fig.3.8. For the three cases, inlet and vent are close prior to infusion to 
confirm that the bagging system is almost free of air leakage (2%). Case (a) is referred as a low-pressure 
infusion state because the vent is closed during infusion and opened only for 10 sec after full infusion 
to remove excess air. Case (b) is a high pressure infusion, but the outlet is closed prior to resin cure, 
this is two min after total infusion. The pot-life is expected to be approximately 10 to 12 min after 
complete mélange and stirring of the resin three components. Unlike case (b), case (c) has the outlet 
opened throughout the curing stage, which is the only difference among them. For all the three cases, 
four fabrics were used.  
MWCNTs were coated at the middle-interface, top and bottom (in contact with the mold) as shown 
on the cross section schematic parallel to the infusion line (Fig. 3.9 (b)). Paths 1_2, 5_6, 7_8 are placed 
in the resin flowing direction while paths 3_4, and 9_10 are perpendicular to it and placed respectively 
at the middle of the outermost top and bottom layer as shown in Fig. 3.9 (a). The objective here is to 
investigate the resin flow behavior in the composites vis-à-vis to inlet and vent states.  
 
Fig. 3.8. Illustration of three types of process monitoring based on inlets and vents status  
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From results of case (a) (Fig. 3.10 ((a), (b))), it can be seen that slope of path 7_8 is higher than slope 
of path 5_6. Slope of path 5_8 higher compared to path 1_2. Based on the preliminary experiments 
carried in section 3.4.1, we saw that that the higher the curve slope, the higher the resin speed. Thereby 
we conclude here that the speed of resin increases from top to bottom during infusion. The in-plane 
flow dominates on the through thickness flow, this is attributed to the low pressure state during infusion 
in case (a) as the vent was kept closed during infusion. Moreover the resistance of path 3_4 and 9_10 
which are perpendicular to the infusion direction show the sudden increase when the suspension 
completely wets the two paths. A projection of slopes of paths 3_4 and 9_10 to paths 1_2 and 7_8 
respectively can give an idea on the flow history in the composite, this is we can know exactly when 
the resin crossed the middle of each layer. Doing so we see that there is a time gap between slope 9_10 
and 3_4 which corresponds to the delay for the resin to flow until the middle of each layer. The 
composite was therefore completely impregnated gradually from the top layer to the bottom layer in 
case (a).  
 
 
Fig. 3.9. Composites layup along with MWNT film position: (a) As they are deposited; (b) Through 
thickness cross-section parallel to infusion line of a composite consisting of four fabric layers.  
 
On the other hand in case (b) (Fig. 3.10 ((c), (d)), the slope order was not the same. The slope of path 
7_8 was higher as compared to path 1_2 which in turn was higher than slope of path 5_6.  This suggest 
that the speed on the top layer was higher than the bottom layer (surface in contact with mold), and thus 
the resin speed at the interface-middle layer was the lowest. But surprisingly the resistance curve of 
path 5_6 is showing an early saturation stage compared to path 1_2 despite the resin speed analysis. 
This suggests that the resin flow front touched the end of middle layer before the bottom layer. This 
observation forces the conclusion that the flow in transverse direction from top layer to the middle one 
dominated on the in-plane flow after the resin had completed wetted half of the whole composites. 
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Hence optimal placement of the electrodes can provide in-depth analysis of the flow event taking place 
in the composite.  
 
 
 
Fig. 3.10. Typical basic normalized electrical resistance response of a MWNT film coated DBLT glass 
fiber composites with four plies using point-electrode : (a) using  case (a) process ; (b) Magnification 
of (a) ; (c ) using case (b) process  ; (d) Magnification of (c).  
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Fig. 3.11. Typical basic normalized electrical resistance response of a MWNT film coated DBLT glass 
fiber composites with four plies using point-electrode: (e) using case (c) (f) magnification of (e).  
 
The flow state conflict between in-plane and through thickness flow also happened in the case (c) 
(Fig. 3.11 ((a), (b))) since the vent was also kept opened during infusion. Comparing the two plots (Fig. 
3.10 ((c), (d)) and (Fig. 3.11 ((a), (b))), one can say that keeping the vent opened or close during resin 
cure does not affect the interface. During infusion and after cure the change in resistance of path 5_6 in 
the two cases kept the same order in case (b) and (c) thus comforting our argument. This is in both cases, 
the middle-interface showed the lowest increase in resistance suggesting that the resin distribution is 
not certainly the same throughout the composite. Infusing at lower pressure as in case (a) could help to 
homogenize the resin distribution as we have narrow gaps among resistances variation. In case (a) the 
bottom surface in contact with mold showed the lowest increase in resistance. In hierachichal 
micro/nano composites it is therefore advised to control coated layer position and thickness during 
fabrics lay-up as this could lead to dry spot depending on the process used. The flow front from through 
thickness flow and in-plane flow could create a starved region as they meet. Results obtained here 
suggest that low thickness coating is advisable at the bottom surface in contact with mold when infusing 
at low pressure and at the composite middle-interface when infusing at higher pressure.    
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3.4.5 MWCNT Percolated Network-Induced Control of Large Scale Composite Parts   
 
 In large structures, numerous inlets and vents are required, which complicate the resin flow front 
distribution. In those structures, flow fronts are highly dependent on the sequence that inlets are opened. 
Several injection tubes are located on the distribution media and the injection lines are sequentially 
opened to minimize the cycle time, hence the sequential injection 97. In sequential injection, the injection 
length is reduced to the distance between the resin gates thus dividing the parts in multiple injections 
regions. The problem here is that each of these regions has to be completely filled to ensure wet-out of 
the composites part. So the challenge is to open the injection gates at the right time when the complete 
sub-section is filled with resin. Otherwise large dry spots through the thickness are not uncommon and 
have to be repaired or the part has to be scraped 97. Paths 3_4 and 5_6 on (Fig. 3.10 ((c), (d)) and Fig. 
3.10 ((e), (f))) experienced an exponential increase in resistance just always when they are completely 
wetted-out thus witnessing the complete impregnation of the sub-section. This behavior will always 
happen regardless of the mold shape as everything starts by an initial resistance value. This will serve 
as a feedback to activate automatically the opening of the subsequent inlet. In addition they are placed 
perpendicularly to the injection gate just as in sequential injection, hence if well designed, nanoscale 
additives can help in control and automation for large-scale composite parts for intelligent 
manufacturing.      
         
3.5 Summary 
 
Infusion, cure and process in situ monitoring was achieved using MWCNT film that had been sprayed 
coated on DBLT fabrics. Preliminary experiments were carried out to comprehend and identify the 
behavior of the as-deposited film resistance throughout the manufacturing process. We have then 
demonstrated and identified through plausible explanations completed part infusion, features such as 
onset of cross-linking, gel point which are necessary to analyze accurately a part quality. Effect of 
MWCNT density and length was investigated. Short length and low density MWNT exhibited the best 
sensitivity. This results were used in a real 3D part monitoring successfully with the experience of 
through thickness and in-plane flow monitoring simultaneously. Large-scale composite parts 
automation and control during VARTM via MWNT percolative network was demonstrated.  
Understanding the flow in composites helps to prevent defects that cannot be seen with eyes. In the 
following chapter we will use case (c) to fabricate composites and investigate how the possibility to use 
the composites for EMI shielding purpose.  
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IV: ELECTROMAGNETIC INTERFERENCE SHIELDING OF COMPOSITES 
CONSISTING OF A POLYESTER MATRIX AND CARBON NANOTUBE/GRAPHENE 
NANOPLATELETS-COATED FIBER REINFORCEMENT 
 
Polymer composites can serve as EMI shielding materials, alternative to metals, particularly in 
applications where lightweighting and design flexibility are desired, and many of the related studies 
involved the use of fiber-reinforced plastics or introduction of conductive nanofillers to enhance DC 
conductivity, hence improving EMI shielding102, 104-114. One type of polymer composites that have 
gained recent attention for multifunctional applications is a multiscale composite, which consists of a 
polymer matrix reinforced or filled with microscale fibers and nanoscale materials4, 6, 115. In particular, 
fiber-reinforced polymer composites modified with carbon nanomaterials, such as carbon nanotubes 
(CNTs), exfoliated graphite nanoplatelets, and graphene, have been of interest, as these materials are 
known to be one of the most effective conductive fillers available. The majority of research on 
multiscale composites has been focused on reducing the bulk resistivity of the matrix by “pre-dispersing” 
the conductive nanoscale materials in the resin and subsequently incorporating them with the microscale 
fiber reinforcement for composite fabrication4, 6. 
Coatings and multi-layered structures, especially those consisting of alternating layers with large 
refractive index differences, have been of particular interest for EMI shielding, as they offer increasing 
flexibility for engineering and tailoring of the material systems. Various configurations include: thin 
coated layers of MWCNT-alkyd resin mixture on PVC substrates116 , coatings consisting of mixtures 
of semi-conductive and conductive nanoparticles of both magnetic and non-magnetic materials117, 
copper and nickel-coated carbon ﬁber-reinforced ABS composites118, and multiphase composites 
materials composed of MWCNTs, short nickel-coated carbon fibers and millimeter-long carbon fibers 
with varying weight fractions115. Due to the distinct nature of the material systems studied, they showed 
discrepancies in EMI shielding performance over various frequency ranges. 
In this chapter, we investigate the effects of MWCNT-coated carbon and glass fiber on the electrical 
properties and EMI shielding performance of fiber-reinforced polyester matrix, manufactured by 
vacuum-assisted resin transfer molding (VARTM). The composition, layer thicknesses, and stacking 
sequence of composites consisting of a polyester matrix and MWCNT-coated carbon/glass fiber textile 
were key parameters that govern EMI shielding. The underlying physics of EMI shielding mechanisms 
in such composites were studied, combining the plane shielding theory and DC conductivity 
measurement. It is found that the experimental results are in good agreement with the theoretical EMI 
shielding effectiveness models derived. 
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4.1. Theoretical 
4.1.1 Interaction Matter- Electromagnetic Wave: General Background  
 
In this part, we succinctly discuss the theoretical basis and characteristics of electromagnetic (EM) 
waves as they propagate through material media. Maxwell’s equations form the cornerstone of all 
electromagnetic phenomena and therefore are essential to our understanding of shields interaction with 
the EM waves. These interactions can be characterized through the point form of Maxwell’s 
equations119-122 as follows: 
 ∇. ?⃗? =  𝜌𝜈 (Gauss’s law for the electric field)                                  (1)    
 ∇. ?⃗? = 0 (Gauss’s law for the magnetic field)                                  (2) 
 ∇. ?⃗? = 𝐽 +
𝜕?⃗? 
𝜕𝑡
  (Ampere’s law with Maxwell’s correction)                       (3) 
 ∇.× ?⃗? = −
𝜕?⃗? 
𝜕𝑡
 (Faraday’s law of induction)                                    (4)  
Where 𝐷 ⃗⃗  ⃗ is the electric flux density vector with units of coulombs per square meter (C/m2), 𝜌𝑣 is the 
volume charge density whose units are coulombs per cubic meter (C/m3), ?⃗?  is the magnetic flux 
density vector with units of webers per square meter (Wb/m2), ?⃗?  is the magnetic field intensity vector 
having units of amperes per meter (A/m), 𝑗  is the current density vector with units of (A/m2), and ?⃗?  
is the electric field intensity vector with units of volts per meter (V/m). Solution of Maxwell’s equations 
is a not a simple process, yet this practically does not diminish their fundamental importance to govern 
all macroscopic EM phenomena, we will then utilize certain approximations, for instance we will 
consider the case of a simple media (isotropic, homogeneous, linear) where the field vectors are simply 
related as: ?⃗? = 𝜖?⃗? , ?⃗? = 𝜇?⃗? , 𝑗 = 𝜎?⃗? , the parameters ϵ, μ, and σ  in these relations are the 
permittivity, permeability, and conductivity, respectively of the medium. Their units are respectively 
farads per meter (F/m) or a capacitance per unit length, henrys per meter (H/m) or an inductance per 
unit length, siemens per meter (S/m) or a conductance per unit length. 
As an EM wave incidents on a barrier, a reflected wave is produced and a portion of this incident 
wave is transmitted through the barrier, the shielding effectiveness (SE) of the barrier in its most 
standard form123 is given by  SE = 20𝑙𝑜𝑔10 (
|𝐸𝑖|
|𝐸𝑡|
⁄ ), where 𝐸𝑖  and  𝐸𝑡  are the incident and 
transmitted electric field strength. The solution of Maxwell’s equations will lead to the so called wave 
equation for?⃗? ,  ?⃗? = 𝜇𝜀 𝜕
2?⃗? 
𝜕𝑡2
⁄ + 𝜇𝜎 𝜕?⃗? 𝜕𝑡
⁄  . We will now suppose that the wave impinging the 
matter is the simplest type of wave propagation: Uniform plane waves. It is important to point out here 
that we consider these not only because it is simple but also because wave propagation on transmission 
lines and waves guides that we will be using in the experimental path bears a striking similarity to 
uniform plane waves. The term “plane” means that at any point in space the electric and magnetic field 
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intensity vectors lie in a plane and the planes at any two different points are parallel. The term “uniform” 
means that ?⃗?  and ?⃗?  are independent of position in each plane. Without loss of generality, for linearly 
polarized wave traveling in the x direction with harmonic variation of the electric field vis-à-vis t, we 
can write that ?⃗? (𝑥, 𝑡) = ?⃗? 0𝑒
𝑖(𝑘𝑥−𝑤𝑡), hence the dispersion relation k2 = 𝜇𝜀𝜔2 + 𝑖𝜇𝜎𝜔 where k =
𝑘+ + 𝑖𝑘− with  k± = 𝜔√
𝜀𝜇
2⁄ [√1 + (
𝜎
𝜀𝜔⁄ )
2 ± 1 ]
1
2⁄
 . 
 k is  the module wave vector in m-1 constant, 𝑘− is associated with the attenuation of wave in media 
thus called attenuation constant in nepers per meter (Np/m) or decibels per meter, the attenuation 
constant is proportional to the absorption of a wave in a medium . 𝑘+ is associated with the phase and 
is called phase constant given in radians per meters (rad/m), it determines the wavelength, the 
propagation speed and the index of refraction of the wave in the medium. ω = 2πf is the angular 
frequency of the wave given in radians per seconds (rad/s). The electric field expression can then be 
written as ?⃗? (𝑥, 𝑡) = 𝐸0⃗⃗⃗⃗ 𝑒
−𝑘−𝑥𝑒𝑖(𝑘+𝑥−𝑤𝑡). Looking at this expression, it is clear that the amplitude of 
the electric field decreases to 1/e (36.8 percent) in the medium of its initial value while the wave 
penetrates to a distance1 𝑘−
⁄ . In a good conductor, the following inequality is satisfied: 𝜎 𝑤𝜀⁄ ≫ 1. The 
ratio 𝜎 𝑤𝜀⁄  is called the loss tangent, the consequence of this inequality is that 
1
𝑘−
⁄ = 𝛿 = √1 𝜋𝜇𝑓𝜎⁄  
and is called the skin depth. Clearly, a high frequency wave is damped out as it penetrates a conductor 
in a shorter distance than a low frequency wave. As a result, to shield a relatively high frequency is 
easier for a conductor as compared to a low frequency. The ratio of the magnitudes of E and H for a 
uniform plane wave is the intrinsic impedance of the medium. 
 
4.1.2 Internal EMI Shielding Mechanisms 
 
Three main mechanisms contribute to internal EMI shielding: absorption, reflection, and multiple 
reflections, as shown in Fig. 4.1, where E and H denote electric and magnetic field intensities, 
respectively. In the figure, as a uniform incident plane wave impinges on a barrier material of finite 
thickness perpendicularly, where the material is assumed to an electrical conductor, the first effect is 
reflection on the left-hand barrier surface, represented as a gray wall. The portion of the wave that 
penetrates this surface proceeds through the barrier regime, during which its amplitude is attenuated, 
referred to as “absorption loss.” If the barrier thickness is much greater than the skin depth of the barrier 
material over the entire frequency range of the EM wave, then the wave transmitted through the first 
interface will be attenuated significantly by the time it reaches the second interface, which would result 
in complete EMI shielding. However, if this is not the case, the transmitted wave becomes the incident 
wave for the second interface and decomposes into transmitted and reflected waves, denoted by (𝐸1 
𝑡 , 𝐻1
𝑡) 
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and (𝐸1 
𝑟 , 𝐻1
𝑟), respectively, as shown in Fig. 1. (𝐸1 
𝑟 , 𝐻1
𝑟) leads to (𝐸1 
𝑖 , 𝐻1
𝑖), (𝐸2 
𝑡 , 𝐻2
𝑡) and (𝐸2 
𝑟 , 𝐻2
𝑟), where 
(𝐸2 
𝑡 , 𝐻2
𝑡) are the transmitted waves at the first interface, which should be accounted for in the total 
reflection at the first interface (or the overall reflection of the barrier). (𝐸1 
𝑖 , 𝐻1
𝑖) are the attenuated waves 
originating from (𝐸1 
𝑟 , 𝐻1
𝑟 ). (𝐸2 
𝑡 , 𝐻2
𝑡 ) are the refracted waves at the second interface and should be 
considered new transmitted waves at that interface. The repeatedly reflections between the two 
interfaces are termed “multiple reflections” and contribute to the overall reflection and absorption, 
yielding the shielding effectiveness (SE) of the barrier. In general, it is reported that when the absorption 
level is more than 15 dB124, the multiple reflections can be neglected, which means that the wave is 
sufficiently attenuated through the material to offset the effects of reflections. 
Now, consider the waves transmitted through the barrier regime, namely, (𝐸1 
𝑡 , 𝐻1
𝑡) and (𝐸3 
𝑡 , 𝐻3
𝑡), in 
Fig. 4.1. If there are no additional barrier materials, all the waves transmitted through interface 2 
effectively reduce the SE of the barrier. However, if additional barriers are present, they are likely to 
result in EM scattering due to the surface roughness of the additional barriers and impedance 
mismatching, provided that they are electrically conducting, which would be manifested by 
enhancement in SE. Hence, in a multi-layered structure, individual layers contribute to the overall 
reflection, absorption and multiple reflections, given that reflection is accounted for in subsequent 
layers only if they contribute to the attenuation of the amplitudes of the waves transmitted through the 
interface on the strike face of the first barrier material. In fact, multiple reflections tend to adversely 
affect EMI SE, as they add to the transmitted wave at the right-most interface, while absorption and 
reflection positively affect EMI SE. 
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Fig. 4.1 – Schematic representation of the shielding effectiveness of a conducting barrier to a uniform 
plane wave that is incident normal to the surface. (Superscripts i, t and r denote “incident,” “transmitted,” 
and “reflected,” respectively.) 
 
4.1.3 Plane Shielding Theory 
 
According to the plane shielding theory, the total EMI SE of a multi-layered structure can be 
expressed as the sum of absorption loss (A), reflection loss (R), and multiple reflection loss (M) as Eq. 
(1) 
𝑆𝐸 = 𝐴 + 𝑅 + 𝑀  (5) 
where 
𝐴 = 20 log10(𝑒
𝛾1𝑙1+𝛾2𝑙2+∙∙∙+𝛾𝑛 𝑙𝑛 ) 
 
(6) 
𝑅 = 20 log10  
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(7 
𝑀 = 20 log10|[1 − 𝑞1exp⁡(−2𝛾1𝑙1)] ∙∙∙ [1 − 𝑞𝑛exp⁡(−2𝛾𝑛 𝑙𝑛)]|  
(8) 
Here, , l, , and q are the propagation constant, thickness, intrinsic impedance, and defined coefficient 
of the respective layer124, which can be further expressed as 
𝛾 = 𝛼 + 𝑗𝛽 = √𝑗𝜔𝜇(𝜎 + 𝑗𝜔𝜀)  (9) 
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 =  
𝑗𝜔𝜇
𝜎 + 𝑗𝜔𝜀
 
 
(10) 
𝑞𝑛 =
 
𝑛
− 
𝑛−1
  
𝑛
− 𝑍(𝑙𝑛) 
(
𝑛
+ 
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) 
𝑛
+ 𝑍(𝑙𝑛) 
 
 
(11) 
𝑍(𝑙𝑛) = 𝑛+1
𝑍(𝑙𝑛+1)𝑐𝑜𝑠ℎ𝛾𝑛+1𝑙𝑛+1 + 𝑛+1𝑠𝑖𝑛ℎ𝛾𝑛+1𝑙𝑛+1

𝑛+1
𝑐𝑜𝑠ℎ𝛾𝑛+1𝑙𝑛+1 + 𝑍(𝑙𝑛+1)𝑠𝑖𝑛ℎ𝛾𝑛+1𝑙𝑛+1
 
 
(12) 
where ,  and  are dielectric permittivity, magnetic permeability, and electrical conductivity of the 
medium, respectively, and  is the angular frequency of the wave. For a good conductor, the following 
approximations can be obtained: 
A =  𝛼𝑖𝑙𝑖 = 8.686(
𝑛
𝑖=1
𝛼1𝑙1 +∙∙∙ 𝛼𝑛 𝑙𝑛) 
 
(13) 
 = (1 + 𝑗) 
𝜋𝜇𝑓
𝜎
 
 
(14) 
where  is the attenuation constant. If n conducting layers of same impedance are stacked together, the 
total reflection is given by Eq. (11) 
𝑅 = −20 log10  
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(15) 
Equation 11 shows that the total reflection for n conducting layers stacked together is equal to the 
reflection contribution of one layer, which suggests that layered structures are advantageous in terms of 
reflection only if there is impedance mismatching and when proper scattering materials are used. In 
addition, the larger the thickness, the larger the EMI shielding contribution from absorption. 
 
4.2. Experimental 
4.2.1 Materials 
 
CVD-grown multi-walled carbon nanotubes (MWCNTs), UPE are used here and were described 
in sections 2.1.   
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Two types of xGnP with average lateral dimensions of 5µm (M-5) and 15µm (M-15) were purchased 
from XG Sciences. From SEM and HR- TEM images, we found that the thicknesses of xGnP (M-5, M-
15) were ~16 and ~ 9 nm respectively (Fig. 4.2 (a-d)).  
Hence, the aspect ratios of M-5 and M-15 were calculated as ~313 and ~1667 respectively. According 
to Raman results, M-5 and M-15 (Fig.4.3) have a Small D band and sharp G band peaks which confirm 
the sp2-type bonding of the carbon atoms in the basal plane of xGnPs and therefore a minimal defect in 
the graphitic structure. This is amenable to conclude that the surface of the xGnP was not oxidized after 
acid intercalation and subsequent pulverization involved during the xGnP fabrication process, which 
could have adversely affected the electrical and mechanical properties of an individual platelet. 
Furthermore, the Raman spectra showed a red shift of G band (around from 1500 cm-1 to 1650 cm-1) 
from M-5 to M-15, as a result of the decrease in thickness, as confirmed by TEM analyses (Fig. 4.2(c-
d)).  
 
 
Fig. 4.2. HR-SEM and HR-TEM images of xGnP: (a) high magnification SEM image. (b) xGnP layers 
deposited on a lacey carbon  film supported by a mesh copper grid; (c) HR-TEM  image of cross 
section of xGnp15; (d) HR-TEM image of cross section of xGnP M-5 . 
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Plain-woven 3K carbon fiber (Mitsubishi) with ply thickness of ~0.2 mm was supplied by JMC 
(Gyeongju, Korea). Macrograph of the carbon fiber ply is shown in Fig.4.4 (a). From SEM analyses, 
we found an av erage tow width of ~ 1.42 mm, a glass fiber strand of ~ 8 μm, an inter-tow gap of ~ 
250nm, and an intra-tow gap of 200-400μm is shown in Fig. 4.4((b-d)). 
 
 
 
 
 
Fig. 4.3. Raman spectra band shift of xGnP-M-5, M-15 
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Fig. 4.4. Woven carbon fiber images: (a) macrograph of a ply; (b) Low magnification SEM image of a 
ply motif; (c) SEM image of the surface of carbon fiber tow; (d) SEM image illustration of a carbon 
fiber-fiber interface length.  
 
4.2.2 Composite Manufacturing 
 
MWCNTs or MWCNT/xGnP were horn-sonicated in methanol at a concentration of 1 g/L for 30 
min to obtain a homogeneous MWCNT suspension. A 200 mm X 200 mm fiber textile was coated by 
spraying the MWCNT suspension using an air brush (Creamy (K) 3A, Kinki, Japan) with a nozzle 
diameter of 0.5 mm at a regulated pressure of ~2 kgf/cm2. A single coat consisted of 0.1 g of MWCNT 
sprayed over the 200 mm X 200 mm area. The solvent was removed from the MWCNT-spray-coated 
fiber textile by drying it in a vacuum oven overnight at 60C. The thickness of the single MWCNT coat 
can be roughly calculated by the equation, t = m / A, where m is the mass of MWCNTs sprayed,  is 
the density of MWCNT, and A is the area over which the MWCNTs are sprayed. The equation yields 
a single coat thickness of ~1.8 m. 
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Fig. 4.5. Schematic of various composites fabricated and characterized. (‘‘CF’’and ‘‘GF’’denote a 
plain-woven carbon or DBLT glass fiber ply, respectively, and ‘‘CNT’’denote a single MWCNT 
coating.) 
 
Multiscale composites were fabricated using VARTM. Twelve composites with various 
configurations as shown in Fig.4.5 were fabricated and characterized. In the first five configurations, 
the fiber plies are either plain-woven carbon fiber or DBLT glass fiber, as designated by the sample 
code prefixes, “CF” and “GF,” respectively. CF001 and GF001 are used as the control samples, and 
samples CF002-005 and GF002-005 were designed to study the effects of the amount of MWCNTs as 
well as the positions of MWCNT layers on the EMI SE of multiscale composites. Samples CF006 and 
CF007 were designed to investigate the effects of hybridizing carbon and glass fiber textiles – that is, 
conductive and dielectric layers – and their relative positions in the stacking sequence. 
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Fig. 4.6. Micrograph of fabricated samples. 
 
 Thickness was measured at five different locations for each sample, and the averages and standard 
deviations were calculated. Micrograph of the fabricated samples is shown in Fig. 4.6 where the well-
known transparency of the neat glass fiber composite is obvious while MWCNT-modified glass fiber 
composites or glass/carbon fiber composites loose this optical property. The thicknesses, fiber and 
MWCNT volume fractions of composite samples are summarized in Table 1. 
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Sample Thickness (mm) 
Fiber volume 
fraction  
MWNTs volume fraction  
(x10-2)  
CF001 1.08±0.02 0.49 0 
CF002 1.15±0.01 0.48 0.18 
CF003 1.18±0.02 0.46 0.35 
CF004 1.18±0.06 0.47 0.35 
CF005 1.16±0.05 0.46 0.34 
CF006 2.02±0.04 0.53 0 
CF007 2.04±0.01 0.52 0 
GF001 2.84±0.03 0.51 0 
GF002 2.93±0.09 0.5 0.06 
GF003 2.98±0.08 0.48 0.13 
GF004 2.94±0.09 0.49 0.13 
GF005 2.93±0.04 0.47 0.13 
 
Table 1 Measured thicknesses, fiber and MWNT volume fractions of composite panels. 
 
4.2.3 Composites Characterization 
 
The conductivity of the MWCNT coating was measured by uniformly spraying 0.1 g of MWCNTs 
suspended in methanol over a 200 mm X 200 mm PET film and measuring the surface and volume 
resistivities of the coated layer using a four-point probe electrical resistivity measurement system 
(CMT-SR2000N) manufactured by Advanced Instrument Technology (Suwon, Korea). The EMI SEs 
of the composite panels and the MWCNT-coated PET film were measured using the EMI SE test system 
manufactured by Rhode and Schwartz (Munich, Germany). The measurements were made using the 
coaxial cable (transmission line) method with type-N connectors in accordance with ASTM-D4935, 
and the measuring frequency range was up to 1.5 GHz. The attenuations of electromagnetic waves were 
recorded as functions of frequency. For bulk conductivity measurement, the composite panels, CF001-
007 and GF002-005 were cut into rectangular specimens measuring 100 mm in length and 50 mm in 
width. Four strips consisting of conductive silver paste were applied to the ends of the specimens to 
serve as electrodes, and were connected to the Keithley 2002 digital multimeter for four-point probe 
bulk conductivity measurement in the length-wise direction125. Three specimens were prepared and 
measured for each panel. 
The cross-sections of the composite panels were observed under an optical microscope (MVX10) 
manufactured by Olympus (Tokyo, Japan), and the microstructure and structural integrity were 
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analyzed. The microstructures of MWCNT networks deposited on a PET film and woven glass fiber 
were analyzed using a scanning electron microscope (SEM, Nanonova 230), manufactured by FEI 
(Hillsboro, OR, USA). 
 
4. 3 Results and Discussion 
4.3.1 Microstructural Analysis 
 
Fig.4.7 shows the optical micrographs of the cross-sections of the composite samples fabricated. The 
micrographs show good structural integrity of the composites, evidenced by the absence of observable 
voids, and also confirm the thicknesses measured and summarized in Table 1. The measured thicknesses 
of sample composite panels CF001-005, CF006 and 007, and GF001-005 were in the ranges of 1.08-
1.16, 2.02-2.04, and 2.84-2.93 mm, respectively (Table 1). Fig.4.8 ((a), (b)) shows the SEM images of 
the MWCNT-coated PET film (sprayed with an areal density of 2.5 g/m2, or 0.1 g over a 200 mm X 
200 mm area) at low and high magnifications. The images are characterized by highly dense and 
entangled network of MWCNTs, and the average diameter of MWCNTs is measured to be in the range 
of 25-30 nm. Fig4.8 ((c), (d)) shows the SEM images of MWCNTs as sprayed on glass fiber textile 
after drying in a vacuum oven prior to resin infusion, which shows good coverage over the glass fiber 
filaments. 
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Fig. 4.7. Optical micrographs of cross-sections of composite samples showing good structural integrity 
evidenced by absence of observable voids. 
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Fig. 4.8. SEM images of: MWCNT-coated PET film (a) at low magnification (30,000×) and (b) at high 
magnification (137,000×); MWCNT-coated glass fiber textile (c) at 1,000× and (d) at 2,000× 
magnifications.   
 
4.3.2 Electrical Conductivity 
 
The conductivity of the MWCNT deposited on a PET film with an areal density of 2.5 g/m2 was 
measured to be 33.98 S/cm. Fig.4.9 shows the conductivities of the composite specimens as converted 
from the measured bulk resistances. In Fig.4.9 (a), it can be observed that as the thickness of the 
MWCNT coating in the mid-plane doubles from GF002 to GF003, conductivity more than doubles. In 
addition, as the separation distance between the two MWCNT coatings increases, that is, from GF003 
to GF004 to GF005, conductivity increases. This may be attributed to the fact that as the conductive 
MWCNT layers approach the outer surfaces, which are in direct contact with the probes, the 
contribution of MWCNTs to the overall bulk conductivity of the composite specimen increases. (The 
conductivity of GF001, which is inherently insulating, was measured to be 1.36 10-11 S/cm.) 
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Fig. 4.9. Electrical conductivities of composites: (a) GF002-005; and (b) CF001-007.  
 
 On the other hand, increasing the MWCNT coating thickness, or separating the two coatings does 
not significantly affect the bulk conductivity of the four-ply carbon fiber composite (Fig.4.9 (b)). This 
is due to the high intrinsic in-plane conductivity of woven carbon fiber. On the contrary, composites 
consisting of two plies of carbon fiber and two plies of glass fiber textile, regardless of the stacking 
sequence, show three- to four-fold lower conductivity as compared to the four-ply carbon fiber 
composites. 
4.3.3 EMI Shielding Effectiveness of CF001-7 and GF001-5 
4.3.3.1 Theoretical Predictions  
 
Fig.4.10 shows the EMI SEs of the 12 composite panels, as predicted by the plane shielding theory 
(Sec. 4.1.2), due to absorption, reflection, and multiple reflections. The electrical conductivity and 
thickness of the MWCNT coating of 33.98 S/cm and 1.8 m were used, respectively to compute the 
contribution from each shielding mechanism. According to Eq. (9), absorption depends on the material 
thickness, provided that the material is conductive, and increases with frequency. As can be seen in 
Fig.4.10 (a), samples CF001-005 show identical attenuation trends with frequency because they are 
based on the same material platform – that is, four-ply carbon fiber – the only difference being the 
thickness and configuration of MWCNT layers. However, the contribution of MWCNT coatings to 
absorption is negligible, as their thickness is so small compared to the overall composite thickness, 
which results in identical absorption-induced shielding curves. The argument applies to samples 
GF001-005, all of which show zero attenuation, as both non-conducting glass fiber and thin MWCNT 
coatings have negligible contributions to absorption. CF006 and CF007, which are composed of a 
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combination of carbon and glass fibers, show intermediate level of attenuation, and apparently the 
stacking sequence does not affect the degree of absorption. 
The electromagnetic wave attenuations due to reflection were computed as functions of frequency 
using Eq. (11), and the results are shown in Fig.4.10 (b). All composite samples, except GF001, which 
is an insulator, showed a decreasing trend in attenuation with frequency. Samples CF001-004, all of 
which have either no MWCNTs or MWCNT layers “inside” the composite, showed overlapping 
attenuation curves, while sample CF005, which has MWCNT coating on the outer most layers of the 
composite, showed slightly lower SE. This may be attributed to the fact that when all the layers 
comprising the material are conductive, reflection is governed by the conductivity of the outermost 
layer. The measured conductivity of the MWCNT coating was 33.98 S/cm, while the conductivity of 
carbon fiber provided by the manufacturer was in the order of 1000 S/cm. 
Au contraire, when conductive and insulating layers co-exist, the contribution to EMI shielding by 
reflection can be maximized by maximizing the separation distance between the conducting layers. In 
other words, in a sandwich structure, the conductive layers should be placed on the outermost surfaces 
of the composite, and the insulating core thickness should be maximized. Samples GF002-005 clearly 
show this effect, where GF005 has the highest SE among all the samples. Samples GF002 and GF003 
showed the same attenuation, as the MWCNT coatings are placed in the mid-plane of the composites. 
In addition, the attenuations curves from CF006 and CF007 suggest that reflection alone is governed 
more by the separation (insulating) layer thickness than by the number or thickness of conducting layers. 
Multiple reflections are a more complex EMI shielding mechanism, as it can either positively or 
negatively contribute to electromagnetic wave attenuation. From Fig.4.10 (c), it can be inferred that 
multiple reflections in samples CF001-004 are negligible, as the less conductive MWCNT layers are 
contained within the composites. On the other hand, sample CF005 shows a slightly positive effect, as 
the waves reflected from the carbon fiber can pass through the thin, less conductive layer. All the other 
samples show negative attenuation, which means that multiple reflections adversely affect the overall 
EMI SE of these composites. 
With regard to multiple reflections, when both conductive and insulating layers are present, the 
number of layers as well as their relative positioning becomes significant. For instance, sample CF006, 
which consists of alternating layers of carbon and glass fibers (that is, two insulating layers), the 
negative effect of multiple reflections becomes more pronounced, as compared to sample CF007, which 
has a sandwich configuration (that is, an insulating core). As for samples GF002-005, since the 
conducting (MWCNT) layers are thin, the thickness and positions of these layers are significant. For 
instance, comparing samples GF002 and GF003, it can be deduced that when the conducting layer is in 
concentrated in the mid-plane, increasing the thickness can minimize the negative effect of multiple 
reflections. In addition, comparing samples GF004 and GF005, increasing the insulating core thickness 
adversely affects multiple reflections. 
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Fig. 4.10. Simulated EMI SE of composite panels due to: (a) absorption; (b) reflection; and (c) multiple 
reflections.  
 
4.3.3.2 Measured EMI SE 
 
The EMI SE of samples CF001-007 is shown in Fig. 11. The electromagnetic wave amplitude 
attenuation curves in the figure represent the overall SE, that is, the combined SE from absorption, 
reflection, and multiple reflections. It can be observed that the measured attenuations are nearly the 
same for samples CF001-005 over the entire frequency range, 30 MHz-1.5 GHz, which indicates the 
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contributions from thin MWCNT coatings are negligible (Fig. 11 (a)). However, slight discrepancy was 
observed from CF005, especially in the low frequency range, as shown in Fig.11 (b). As for reflection, 
the conductivity of the outermost layer facing the incoming wave is critical, as discussed, and the 
discrepancy is due to the conductivity difference between the carbon fiber ply and the MWCNT coating. 
The simulated curves for samples CF001-005 in Fig.11 (a) were obtained by combining the three sets 
of curves in Fig.10. Recall from Fig.10 that samples CF001-004 showed the same predicted absorption, 
reflection, and multiple reflection curves, hence resulting in identical overall SE curves. On the contrary, 
CF005 showed different reflection and multiple reflection curves as compared to the other four samples; 
nevertheless, they all showed nearly the same combined results. The measured SE in the low frequency 
ranges shows pronounced oscillations, which can be attributed to a larger skin depth, which allows 
deeper penetration of the waves, and the complex nature of the multi-layered structure of the composites. 
 
It can be seen that both the measured and simulated curves show that CF007 has higher attenuation 
than CF006 (Fig.11 (c)). This discrepancy can be explained from Fig. 10, which shows that CF007 has 
a more positive effect from reflection and a less negative effect from multiple reflections, as compared 
to CF006. Having a sandwich structure similar to CF007 – with the two conducting layers on the 
outermost faces – allows more efficient wave scattering due to impedance mismatching, which becomes 
more pronounced with increasing frequency. Comparing Fig.11 (a) and (c) indicates that the EMI 
shielding performance of CF006 and CF007 is comparable to CF001-005, which suggests that designs 
similar to CF006 and CF007 can lead to cost reduction by minimizing the use of carbon fibers and 
MWCNTs. 
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Fig. 4.11. Comparison of total electromagnetic wave attenuation or EMI SE between experimentally 
measured and simulated values: (a) samples CF001-005 over 30MHz–1.5 GHz; (b) samples CF001-
005 over 30MHz–185MHz;and (c) samples CF006 and CF007 over 30MHz–1.5GHz.‘‘exp’’and 
‘‘sim’’denote experimentally measured and simulated curves, respectively.  
 
In general, reasonably good agreement between the measured and simulated curves in low 
frequency ranges, while they tend to deviate in high frequency ranges (Fig. 11). This is a typical 
phenomenon when employing the plane shielding theory126-128 and is attributed to the fact that the 
following quantities are assumed to be constant, which actually vary with frequency (): (1) 
conductivity (), (2) permittivity (), and therefore, (3) loss tangent,  /, where,  /  >> 1 for 
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conductors. These assumptions result in overestimation of SE in high frequency ranges. Nevertheless, 
the models based on the plane shielding theory accurately predicts the relative discrepancies among 
various composite designs – both material-wise and structure-wise, and can serve as a useful tool for 
optimal EMI shielding composite design. 
The overall EMI SE of samples GF001-005 over the frequency range of 30 MHz-1.5 GHz (Fig.12 
(a)). One common feature of the attenuation curves is dramatically high SE at low frequency ranges 
below ~100 MHz. The fact that even a non-conducting composite, GF001, showed this phenomenon 
suggests that the high SE is due to absorption rather than reflection. The interaction of electromagnetic 
waves with any material causes volumetric electronic polarization and forces electrons to vibrate with 
the wave frequency, leading to wave absorption. Moreover, a layered material with varying electrical 
conductivities leads to a charge build-up at the interface, resulting in the interfacial polarization loss, 
which is well-known to occur in low frequency ranges129 . In the higher frequency ranges, it is evident 
that adding conductive MWCNT coatings increases the EMI SE level, as they increase the number of 
electric dipoles, which enhances absorption. Comparing GF002 and GF003, it is evident that increasing 
the amount MWCNT increases EMI SE. Among the five samples, GF005 provides the best EMI 
shielding performance, as it is characterized by a sandwich structure where two conductive layers 
situated as far away from each other as possible thus maximizing wave scattering. 
 
Fig. 4.12. Comparison of total electromagnetic wave attenuation or EMI SE between experimentally 
measured and simulated values: (a) samples GF001-005 over 30MHz–1.5 GHz; and (b) neat PET film 
and PET films coated with single- and double-layer MWCNT over 30MHz–1.5GHz.‘‘exp’’and 
‘‘sim’’denote experimentally measured and simulated curves, respectively.   
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The EMI SE of a neat PET film and PET films coated with single- and double-layer MWCNT 
(Fig.12 (b)), which can be used to confirm the contribution of MWCNT coatings to the EMI shielding 
performance of glass fiber composites. MWCNT-coated glass fiber composites showed low EMI SE as 
compared to MWCNT-coated PET films, as can be seen in Fig.12 (b), which may be attributed to the 
conductive network disruption induced by resin infiltration In addition, the simulated predictions of 
MWCNT-coated PET films seem to match the measured values relatively well. 
 
 
4.3.4. Design Optimization of Hybrid Carbon Nanotube/Graphene Nanoplatelet Based Multiscale 
Composites for EMI Shielding  
 
 
We further investigated the electromagnetic interference (EMI) shielding behavior of hybrid carbon 
nanotube/exfoliated graphite nanoplatelet with different aspect ratios. Alongside, the effect of the 
substrate on their EMI shielding was also studied. The aim is to look for an eventual enhancement of 
EMI shielding by optimal combination of carbon nanomaterials with processing aspect. In a first 
approach sequential mixtures of dispersed MWCNT/xGnP with the same mass was sprayed on a PET 
substrate and their EMI shielding was measured. Long MWCNTs (CM250) and high surface area 
graphite nanoplatelets (xGnP15) was chosen for this experiment due to their high capability to form 
conductive network therefore increasing the conductivity which is necessary for EMI shielding 
enhancement. The result is shown in Fig.4.13. It is clearly seen that xGnP 15 is indispensable to achieve 
the optimal EMI SE level since shielding level decreases when CM250 percentage increases. This effect 
is attributed to the platelet-like structure of xGnP15 and the flat surface of PET substrate acting in 
symbiosis to maximize the wave interaction with fillers. In this case the EMI shielding seems to be 
dominated by the nanomaterial structure, in fact xGnP15 has lower conductivity than CM250, his two 
dimensional structure allows efficient interaction with the electromagnetic waves compared to the one 
dimensional structure of MWCNT.  Additionaly, the carrier mobility at the top surface of the xGnP is 
very high, obviously comparable to graphene. The flat surface of PET facilitates wave’s interaction 
with lateral graphene surface of xGnP, which in turn maximizes the shielding by reflection. 
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Fig. 4.13. Experimental results of SE of xGnP15/CM250 coated PET substrate with different mixing 
ratios  
  
Thus spraying on PET, this is a flat surface allows to get the maximum intrinsic shielding capability 
of the xGnP. The hybrid carbon nanomaterial orientation effect on shielding capability was investigated 
by spraying glass fabrics surface this is a rough surface. As the result suggests (Fig.4.14), Due to the 
dented-like structure of fabrics, the EMI shielding is now governed more by the conductivity of the film 
than the fillers structure, the fabric surface topography does generate defects on xGnP and lowering the 
carrier’s mobility as seen in Fig.4.15. xGnps spray on glass fabrics cannot always expose the lateral 
surface to face the impingent waves as they could be trapped in the inter-tow gaps. As a result the 
reflection contribution is reduced. It can be anticipated that the EMI shielding is dominated at high 
frequency by reflection.  
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Fig. 4.14. Experimental results of EMI SE of xGnP15/CM250 coated glass fabrics with different mixing 
ratios.   
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Fig. 4.15. SEM images of xGnP coated glass fabrics (a-d). 
 
After spraying on glass fabrics, UPE was infused by means of VARTM to make one layer composite. 
The same mixing ratio was maintained for the sake of comparison. It is seen that (Fig.4.16) as the resin 
is infused, Due to the dented-like structure of fabrics, the EMI shielding is now governed more by the 
conductivity of the film than the fillers structure, the fabric surface topography does generate defects 
on xGnP by introducing wrinkles and lowering thus the carrier’s mobility. Furthermore, the effect of 
applied pressure squeezes the film who is bridged by the UPE resin, as a result, its conductivity becomes 
the dominant parameter that determines the overall EMI shielding. Consequently the EMI shielding is 
dominated at high frequency by reflection.  
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Fig. 4.16. Experimental results of EMI SE of xGnP15/CM250 coated glass fiber composites with 
different mixing ratios. 
 
4.3.5 EMI Shielding Effectiveness of Pure Dielectrics  
 
To further deepen our understanding on the behaviors of CNM coated glass fibers reinforced 
composites, we later focused only on the EMI shielding of pure dielectrics. EMI SE of neat dielectrics 
such as yarn cross and glass fiber plies were measured, as well as unsaturated polyester filled neat 
dielectrics were measured. Results (Fig. 4.17) show that EMI shielding of neat fabrics has higher values 
of SE as compared to their counterparts where inter- tows and intra-tows spaces are filled by the resin 
(UPE). This may be explained by the fact that the more inhomogeneous medium of neat fabrics paves 
the way to higher wave scattering than composites do. As such, EMI SE of stacked one glass fiber ply-
one neat yarn cross is little higher than only one neat glass fiber.  
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Fig. 4.17. Experimental EMI SE of pure dielectrics, (‘‘YC’’and ‘‘Neat YC’’denote a plain-woven 
yarn cross with UPE, or DBLT glass fiber ply with UPE, respectively) 
 
 
The neat glass fiber ply EMI shielding was higher than the neat yarn cross, this was attributed to the 
higher thickness of glass fiber ply when compared to the neat yarn cross. Yarn cross and glass fabric 
have thickness respectively of 0.2 and 0.6 mm. The increase in thickness is manifested by an increase 
of electric dipoles which basically improves the absorption contribution. It is also seen that the EMI SE 
also increases with the dielectric thickness in the case of dielectric composites.   
         
4.3.6 Effect of Yarn Cross on the EMI Shielding of MWCNT Coated Glass Fiber Reinforcement  
 
It was shown above that coating the outermost surfaces of glass fiber plies maximizes the EMI 
shielding. However it was found in some cases that the 0.1g of sprayed MWCNT could stick on the 
peel ply and compromising therefore the whole fabrication process. In attempt to prevent this from 
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happening, we covered the outermost surface not in contact with glass mold using a yarn cross as shown 
on Fig. 4.18.  
  
Fig. 4.18. Evidence of the effect of yarn cross on experimental EMI SE of CM250 coated glass fiber 
composites. (‘‘YC’’and ‘‘GF’’denote a plain-woven yarn cross with UPE, or plain-woven yarn cross 
without UPE ply, respectively, and ‘‘CNT’’denote a single MWCNT coating ) 
 
Originally, yarn cross is usually used for aesthetically purpose to give a good appearance to the 
composites surface not in contact with the mold when using VARTM. It was observed in the case of 
one sprayed layers that during the curing process unlike DBLT fabric, the yarn cross is easily 
impregnated by CNT as being facilitated by the resin (UPE) wetting. The thickness of the conductive 
layer in the composite thus increases substantially leading to an augmentation of the absorption 
contribution of EMI shielding, this effect is evidenced at higher frequency where the reflection 
contribution is minimized as shown on Fig. 4.19.  
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Fig. 4.19. Effect of thickness and placement of yarn cross on experimental EMI SE of CM250 coated 
glass fiber composites. (‘‘YC’’and ‘‘GF’’denote a plain-woven yarn cross with UPE, or plain-woven 
yarn cross without UPE ply, respectively, and ‘‘CNT’’denote a single MWCNT coating) 
 
Additionally, it is seen on Fig. 4.18 that the enhancement effect of EMI shielding as affected by the 
presence of yarn cross increases significantly from one coating to two coatings. This is attributed to the 
increase of the volume conductivity of the yarn cross as the amount of CNT increases. As such it can 
be thought that one coating did not suffice to saturate the yarn cross impregnation by MWCNT. 
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4.3.7 Effect of MWCNT Thickness  
 
It is evident that adding conductive MWCNT coatings increases the EMI SE level, as they increase 
the number of electric dipoles, which enhances absorption contribution (Fig.4.19) . In addition the 
conductivity increases as well leading to higher reflection contribution. Separating the layers as in the 
case of GF05 only increases the negative effect of multiple reflection which decreases the EMI SE 
mainly at higher frequencies, this may explain why GF06 decreases more rapidly than GF05.  
 
4.3.8 Effect of Mismatched Conductive Layer 
 
It was observed above that applying the coating directly on carbon fiber ply does not help in 
enhancing the EMI shielding, at the same time, little improvement were found when two carbon fibers 
were separated by the insulated glass fiber plies when compared to the case where the fibers plies were 
alternated. This instills the idea that there may be a route of improving carbon fiber EMI shielding using 
thin film coating of CNM. If possible, this will only help to further reduce the raw material cost while 
maintaining a useful EMI Se level. We then used only one carbon fiber layer and intercalated the coating 
with glass fiber plies before infusion. Results are shown on Fig. 4.20. Because the MWCNT coatings 
and the carbon fiber fabric are separated by two insulative GF plies, they individually contribute for the 
reflection contribution. This reflection contribution is evidenced mostly at low frequency as shown by 
Fig. 4.20. If the absorption contribution of very thin film of MWCNT coating is negligible than the 
carbon fiber, their reflection contribution can enhance the overall EMI shielding. We increased the 
thickness of CNM layer by spraying 5 times. It was found that the EMI shieldDing improves 
significantly as a result of the absorption increase.    
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Fig. 4.20. Improvement of EMI SE of single carbon fiber fabric using CM250 coating with glass fabrics 
as intercalating layer between carbon fabric and CM250 coating. (‘‘YC’’and ‘‘GF’’denote a plain-
woven yarn cross with UPE, or plain-woven yarn cross without UPE ply, respectively, and 
‘‘CNT’’denote a single MWCNT coating. “CG” denotes a hybrid carbon/glass fibers plies with UPE) 
 
4.3.9 EMI SE of CNM Coated Hybrid Fiber Composites  
 
   Fig. 4.21 shows results of the measured EMI shielding of CNT coated hybrid carbon/glass fiber 
composites. Four laminated hybrid ply composites show level of EMI shielding near 70 dB lower that 
four laminated carbon fiber plies which is around 80 dB. Their behaviors was also different, hybrid 
fiber composites seem to maximize their EMI shielding at high frequency while carbon fiber composites 
show the highest value at lower frequency. Coating the outermost surfaces of a hybrid fiber surrounded 
by glass fibers provided a noticeable improvement and their EMI shielding behavior also changed by 
depicting highest SE at lower frequency.   
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Fig. 4.21. EMI SE of hybrid carbon/glass fibers composites and the effect nanomaterial coatings. 
(‘‘YC’’and ‘‘GF’’denote a plain-woven yarn cross with UPE, or plain-woven yarn cross without UPE 
ply, respectively, and ‘‘CNT’’denote a single MWCNT coating. “CG” denotes a hybrid carbon/glass 
fibers plies with UPE) 
 
4.3.10 Absorption-Wise Increase of EMI Shielding 
 
Unlike DBLT glass fabric, CNT coating can impregnate yarn cross easily during the curing and 
infusion process leading to thicker conductive materials. The design above helps in doing so. As a result, 
the absorption contribution will be enhanced. This may explain why we have obtained a much higher 
EMI shielding above 35 dB at high frequency as shown above (Fig. 4.22) provided that the reference 
sample has very low EMI shielding in that frequency range.     
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 Fig. 4.22. EMI SE of hybrid carbon/glass fibers composites and the effect nanomaterial coatings. 
(‘‘YC’’and ‘‘GF’’denote a plain-woven yarn cross with UPE, or plain-woven yarn cross without UPE 
ply, respectively, and ‘‘CNT’’denote a single MWCNT coating ) 
                 
 
4.4 Summary 
MWCNT and MWNT/xGnP-coated carbon and glass fiber composites were fabricated, and their 
properties in conjunction with EMI shielding were characterized. Thin nanoparticles coatings had 
negligible influence on the EMI SE of carbon fiber composites, while they significantly enhanced the 
shielding performance of glass fiber composites. As for glass fiber composites, the amount as well as 
the placement of MWCNT coatings affected the shielding characteristics. The underlying physics of 
EMI shielding mechanisms, including absorption, reflection, and multiple reflections, as well as their 
relative contributions to the overall EMI SE was studied, and the analytical models based on the 
governing electromagnetic and plane shielding theories were derived. The models showed the tendency 
to overestimate the SE, especially in the high-frequency regime. However, they accurately predicted 
the relative shielding performance among the composite, which renders the models a useful tool for 
optimal EMI shielding composite design. 
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V: Conclusion and future work 
5.1 Conclusions  
 
In a nutshell, this dissertation entails new approaches to: - Monitor carbon nanotube filtration during 
resin infusion which was discussed in chapter 2; monitor 3D resin flow and curing that take place during 
the fiber-reinforced composite manufacturing process which was discussed in chapter 3, - and apply the 
composite design manufacturing technology for optimal EMI shielding. In chapter 2, several 
MWCNT/UPE mixtures were prepared with different processing conditions which led to different 
MWCNT dispersion levels into UPE. Rheological experiments helped uncovering the interaction 
MWCNT-UPE. It is shown that the MWCNT/UPE mixture state-host porous medium relationship is 
the critical factor that determines the final composite property. It was observed that the high aspect ratio 
of MWCNT, that is their nonsphericity inevitably introduce filtration regardless of the suspension 
dispersion state. Nevertheless, in the acceptable limit of viscosity for infusion during VARTM, the 
filtration level of MWCNT in the composite decrease when their dispersion level in the resin increase. 
Rheological studies which were correlated with in situ measurement of composites paths resistances 
through electrodes pairs embedded in them, enabled to conclude that a trade-off is necessary among 
parameters such as fillers size characteristics, their dispersion level in resin, the fabric porosity sizes, 
the suspension viscosity, the manufacturing method to significantly minimize the filtration level and 
eventually obtain a quasi-defect-free composites. The in situ electrical resistance was able to detect 
preferential through thickness infusion that introduced anisotropic electrical property in the composite. 
Furthermore, it was also used for interfacial flow monitoring, thence flow monitoring of the overall 
composites.  
The same principle of using in situ electrical resistance measurement but in a different perspective 
was applied to monitor the VARTM process in the case of infusion of neat resin in Chapter 3. Electrical 
resistance measurement was made possible via MWCNT film that had been deposited on selected 
interfaces in the fabrics through spray coating method. Three VARTM composite processing conditions 
was designed and their effect on the final part quality was assessed. But prior to that, preliminary 
experiences was carried out to comprehend and identify the behavior of the as-deposited film resistance 
throughout a unique manufacturing process. We have then been able to identity through plausible 
explanations the completed part infusion event, and features such as onset of cross-linking, gel point 
which are necessary to analyze accurately a part quality. Effects of MWCNT density and length were 
investigated. Short length and low density MWNT exhibited the best sensitivity. Results from a real 3D 
part monitoring evidenced that the degree of cure in the composites was different to that of outer 
composite surfaces when the resin was infused at higher pressure. This was attributed to the fabric 
compacting effect which created different conditions experience by the resin in the composites and at 
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the composite outer surfaces. The outer surfaces here refer to the surfaces in contact respectively with 
the mold and the peel ply. Large-scale composite parts automation and control during VARTM via 
MWNT percolative network was demonstrated.  
In chapter 4, we demonstrated that the as-deposited film in chapter 3 could not only serve for 
process monitoring, but could play a key role in the composite service life by affecting new 
functionalities to it. In particular, we investigated the EMI shielding capability of MWCNT and hybrid 
MWCNT/xGnP coated glass fiber reinforcements.  Composite panels consisting of fiber fabrics with 
various combinations of fabric type and stacking sequence were fabricated. Their EMI SE was measured 
in the frequency range of 30 MHz-1.5 GHz. The underlying physics governing the EMI shielding 
mechanisms of the materials, namely, absorption, reflection, and multiple reflections was investigated 
and used in analytical models to predict the EMI SE. Simulation and experimental results showed that 
the contributions of reflection and absorption to EMI shielding is enhanced by sufficient impedance 
mismatching, while multiple reflections have a negative effect. It was found that for a given amount of 
carbon nanomaterial in the glass-fiber-reinforced composite, coating the outermost, instead of 
intermediate glass fiber plies with the MWCNT:xGnP weight ratio of  8:2 was found to maximize the 
conductivity and EMI shielding efficiency.The models showed the tendency to overestimate the SE, 
especially in the high-frequency regime. However, they accurately predicted the relative shielding 
performance among the composite, which renders the models a useful tool for optimal EMI shielding 
composite design. 
 
5.2 Future Work  
 
In chapter 2, we successfully evaluated the filtration state of MWCNT by means of in situ electrical 
resistance measurement. Additionally, very minimal modifications was brought to the manufacturing 
process to achieve this. The filtration was observed through the resistance readings at the end of infusion. 
All the composites fabricated had flat shapes, we did not explore the case of curved mold that could 
lead to intricate part shape. It is important that our method introduced here be able to be applied in a 
variety of part shape. Thence subsequent experiments should focus attention in this regard. This vision 
applies also to chapter 3. Ultimately, MWCNT/UPE mixture filled spray-coated fabrics with full 
process monitoring capability should be demonstrated. Doing so, these composites are therefore 
expected to achieve a higher volume percentage of MWCNT which will enhance their applicability.  
Though optimized composites fabricated in chapter 4 did show low EMI shielding capability, additional 
experiment are needed to achieve commercial EMI shielding materials, that is composites with at least 
35dB. To do so, the thickness of the coated film should be increased at a reasonable level, without 
compromising the composite mechanical properties.  
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VI APPENDIX: LIST OF MATLAB PROGRAMS 
 
In this part, the main MATLAB programs employed for the numerical simulation are listed with a 
brief description of their functionalities. 
 
6.1 Four Layers Glass Fibers Reinforced UPE 
 
% composites is considered as lossy dielectric, this means it can conduct 
% electricity until a certain level 
  
nu0=377; mu0=4e-7*pi; ld=3.05e-3; fo=30e6; fn=1.5e9; h =0.5e6;  f=fo:h:fn; L=length(f);  
SEAPD=zeros(L,1); murld=1;  eps0=8.854e-12; epsrd= mixturesrule(2.25,0.684,4.75,0.316); 
muld=mu0*murld; epsld= eps0*epsrd; sigmald=  3.7037e-014; 
 %impedance in lossy dielectric 
 nuld = sqrt(muld/epsld)./sqrt(1-j*sigmald./(2*pi*f'*epsld)); 
 % expression of attenuation for lossy dielectric  
alphald= 2*pi*f'.*sqrt((muld*epsld/2)*(-1+ sqrt(1+(sigmald./(2*pi*f'*epsld)).^2))); 
 % expression of propagation constant for losssy dielectric 
 gammald=j*2*pi*f'*sqrt(muld*epsld).*sqrt(1-j*sigmald./(2*pi*f'*epsld)); 
 % expression of absorption loss for lossy dielectric  
 SEALD = 8.686*alphald*ld; 
% Calculate  reflection loss for layer sprayed CNT. 
 Y =((nu0+nuld).^2)./(4*nuld*nu0); 
 % Y =((nu0+nupd).*(nu0+nupd))./(4*nupd*nu0); 
SERC= 20*log10(abs(Y)); 
 % expression of multireflection loss  
 qc1 = ((nuld-nu0).^2)./((nuld+nu0).^2); Q1=1-qc1.*exp(-2*gammald*ld); 
% Total expression of multireflection 
SEMRC = 20*log10(abs(Q1)); SEC = SEALD + SERC + SEMRC; 
figure  
plot(f',SEC,'-b') 
hold on  
plot(f',SERC, '-m') 
hold on  
plot(f', SEMRC, '-k') 
hold on  
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plot (f', SEALD, '-r') 
xlabel('frequency(Hertz)'), ylabel('Attenuation(dB)') 
title('Four glass fibers reinforced UPE') 
legend('TOTAL', 'Reflection', 'Multiple reflections', 'absorption') 
axis([0 15e8 -10 160]) 
 
6.2 Four Layers Carbon Fibers Reinforced UPE 
 
clear all,  
clc 
% (CF006) This code concentrates on a higly conductive composites who is four carbon fibers 
reinforced UPE composites with consideration of high tan delta and not.    
nu0=377; mu0=4e-7*pi; fo=30e6; fn=1.5e9; h =0.5e6; f=fo:h:fn; L=length(f);  
epscr= 2.75;  eps0=8.854e-12; epsc=eps0*epscr; 
% lc1=1.13e-3; 
lc1=1.08e-3; 
sigmac1= 8827.903;  
% sigmac1= 5000; 
% Impedance of sprayed CNT  
% nuc1=(j+1)*sqrt(pi*mu0*f'/sigmac1); 
nuc1=sqrt(j*2*pi*f'*mu0./(sigmac1 + j*2*pi*f'*epsc)); 
% Calculate the attenuation constant for spray layer CNT.  
% alphac1= sqrt(pi*mu0*f'*sigmac1); 
alphac1= 2*pi*f'.*sqrt((mu0*epsc/2)*(-1+ sqrt(1+(sigmac1./(2*pi*f'*epsc)).^2))); 
% To calculate the  propagation constant for good conductor 
% gammac1=(1+j)*alphac1; 
% gammac1=j*2*pi*f'*sqrt(mu0*epsc).*sqrt(1-j*sigmac1./(2*pi*f'*epsc)); 
gammac1=sqrt(j*2*pi*f'*mu0.*(sigmac1+j*2*pi*f'*epsc)); 
% expression of absorption loss for good conductor 
% SEAC = 8.686*alphac1.*lc1; 
SEAC = 20*log10(abs(exp(gammac1*lc1))); 
% Calculate reflection loss for layer sprayed CNT. 
Y =(nu0+nuc1).^2./(4*nu0.*nuc1); SERC= 20*log10(abs(Y)); 
% expression of multireflection loss  
qc1 = (nuc1-nu0).*(nuc1-nu0)./((nuc1+nu0).*(nuc1+nu0)); 
 Q1=1-qc1.*exp(2*gammac1.*lc1); 
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% Total expression of multireflection 
SEMRC = 20*log10(abs(Q1)); SEC = SEAC + SERC + SEMRC;  
figure  
plot(f',SEC,'-k','LineWidth',1.5) 
hold on  
plot(f',SERC, ':k','LineWidth',1.5) 
hold on  
plot(f', SEMRC, '--k','LineWidth',1.5) 
hold on  
plot (f', SEAC, '-.k','LineWidth',1.5) 
xlabel('Frequency(Hz)'), ylabel('Attenuation(dB)') 
legend('TOTAL', 'Reflection', 'Multiple reflections', 'Absorption') 
axis([0 15e8 -10 160]) 
title('CF001') 
 
clear all,  
clc 
 
6.3 Four Layers: Alternated Carbon and Glass Fibers with Glass Fiber on Top  
 
nu0=377; mu0=4e-7*pi; ld=0.71e-3; lc3=0.27e-3; 
 % lc3 is the thickness of a four layers CF composites divided by 4 as well as lc3 but for glass fibers 
composites.                   
fo=30e6; fn=1.5e9; h =0.5e6; f=fo:h:fn; L=length(f);  mur=1;eps0=8.854e-12; 
epsrd= mixturesrule(6.85,0.684,4.75,0.316); 
% permealibility and permitivity  
% if practical dielectric 
epspd= eps0*epsrd; mupd=mu0*mur;  
% conductivity of glass fibers 
sigmapd=1.36e-11; sigmac2= 8827.903;   
% sigmac2=3805; 
% Impedance of sprayed CNT  
nuc2=(j+1)*sqrt(pi*mu0*f'/sigmac2); 
nupd= (1+j*sigmapd./(4*pi*f'*epspd))*sqrt(mupd/epspd); 
% Calculate the attenuation constant  
alphac2= sqrt(pi*mu0*f'*sigmac2); alphapd = (sigmapd/2)*sqrt(mupd/epspd); 
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% To calculate the  propagation constant for good conductor 
gammac2 = (1+j)*alphac2; 
gammapd = j*2*pi*(sqrt(mupd*epspd))*f'.*(1+sigmapd./(j*4*pi*f'*epspd)); 
% expression of absorption loss for good conductor 
SEAC = 2*8.686*alphac2.*lc3;SEAPD = 2*8.686*alphapd*ld;  SEA=SEAPD+SEAC; 
% Calculate  reflection loss 
Y=(nu0+nupd).*(nupd+nuc2).*(nuc2+nupd).*(nupd+nuc2).*(nuc2+nu0)./(32*nu0.*nupd.*nuc2.*nup
d.*nuc2); 
% if perfect dielectric 
Y=(nu0+nuped).*(nuped+nuc1).*(nuc1+nuped).*(nuped+nu0)./(16*nu0.*nuped.*nuc1.*nuped); 
SERC= 20*log10(abs(Y)); 
% expression of multireflection loss  
Zlc4=nu0;Zlc3= 
nuc2.*((Zlc4*cosh(gammac2*lc3)+nuc2.*sinh(gammac2*lc3))./(nuc2.*cosh(gammac2*lc3)+ 
Zlc4*sinh(gammac2*lc3))); 
Zlc2=nupd.*((Zlc3.*cosh(gammapd*ld)+nupd.*sinh(gammapd*ld))./(nupd.*cosh(gammapd*ld)+ 
Zlc3.*sinh(gammapd*ld))); 
Zlc1=nuc2.*((Zlc2.*cosh(gammac2*lc3)+nuc2.*sinh(gammac2*lc3))./(nuc2.*cosh(gammac2*lc3)+ 
Zlc2.*sinh(gammac2*lc3))); 
% evaluation of q 
qc1 = (nupd-nu0).*(nupd-Zlc1)./((nupd+nu0).*(nupd+Zlc1)); 
qc2 = (nuc2-nupd).*(nuc2-Zlc2)./((nuc2+nupd).*(nuc2+Zlc2)); 
qc3 = (nupd-nuc2).*(nupd-Zlc3)./((nupd+nuc2).*(nupd+Zlc3)); 
qc4 = (nuc2-nupd).*(nuc2-Zlc4)./((nuc2+nupd).*(nuc2+Zlc4)); 
% expression of multirflections components  
Q1=1-qc1.*exp(-2*gammapd*ld);  Q2=1-qc2.*exp(-2*gammac2*lc3);  Q3=1-qc3.*exp(-
2*gammapd*ld); Q4=1-qc4.*exp(-2*gammac2*lc3);  
SEMRC = 20*log10(abs(Q1.*Q2.*Q3.*Q4)); 
SEC = SEA + SERC + SEMRC; 
figure  
plot(f',SEC,'-k','LineWidth',1.5) 
hold on  
plot(f',SERC, ':k','LineWidth',1.5) 
hold on  
plot(f', SEMRC, '--k','LineWidth',1.5) 
hold on  
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plot (f', SEA, '-.k','LineWidth',1.5) 
xlabel('Frequency(Hz)'), ylabel('Attenuation(dB)') 
legend('TOTAL', 'Reflection', 'Multiple reflections', 'Absorption') 
axis([0 15e8 -60 150]) 
title('CF005') 
 
6.4 Four Carbon Fiber Layers with MWCNT Sprayed at the Outermost Layer, this is Top and 
Bottom.  
 
clear all,  
clc 
% This code concentrates on a four layer carbon fiber reinforced UPE 
% with CNT sparyed on top and bottom 
% fiber is indexed as 2, and sprayed CNT is indexed as 1. The thickness of 
% carbon fiber was evidently divided in four and two parts.  
nu0=377; mu0=4e-7*pi;  
%  lc1=3.759e-6; 
lc1=1.8795e-006;lc2=1.08e-3; 
% lc2 is the thickness of four carbon fibers composites  
fo=30e6; fn=1.5e9; h =0.5e6; f=fo:h:fn; L=length(f);  mur=1;  
 eps0=8.854e-12; 
% conductivity of Spray CNT and carbon fibers  
sigmac1= 3.39784e3;  
sigmac2= 8827.903;  
% Impedance of sprayed CNT and carbon fiber.  
nuc1= (j+1)*sqrt(pi*mu0*f'/sigmac1); 
nuc2 = (j+1)*sqrt(pi*mu0*f'/sigmac2); 
% Calculate the attenuation constant for spray layer CNT and carbon fiber.  
alphac1= sqrt(pi*mu0*f'*sigmac1); 
alphac2= sqrt(pi*mu0*f'*sigmac2); 
% To calculate the  propagation constant for good conductor 
gammac1=(1+j)*alphac1; 
gammac2=(1+j)*alphac2; 
% expression of absorption loss for good conductor 
SEAC1 = 2*8.686*alphac1.*lc1; 
% expression of absorption loss for lossy dielectric  
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% SEALD = 8.686*alphald*ld; SEA=SEALD+SEAC; 
% expression of absorption loss for practical dielectric  
SEAC2 = 8.686*alphac2*lc2;  SEA=SEAC1+SEAC2; 
% Calculate  reflection loss 
Y =(nu0+nuc1).*(nuc1+nuc2).*(nuc2+nuc1).*(nuc1+nu0)./(16*nu0.*nuc1.*nuc2.*nuc1); 
% if perfect dielectric 
% Y =(nu0+nuped).*(nuped+nuc1).*(nuc1+nuped).*(nuped+nu0)./(16*nu0.*nuped.*nuc1.*nuped); 
SERC= 20*log10(abs(Y)); 
% expression of multireflection loss  
Zlc3=nu0; 
Zlc2= nuc1.*((Zlc3*cosh(gammac1*lc1)+nuc1.*sinh(gammac1*lc1))./(nuc1.*cosh(gammac1*lc1)+ 
Zlc3*sinh(gammac1*lc1))); 
Zlc1= nuc2.*((Zlc2.*cosh(gammac2*lc2)+nuc2.*sinh(gammac2*lc2))./(nuc2.*cosh(gammac2*lc2)+ 
Zlc2.*sinh(gammac2*lc2))); 
% evaluation of q 
qc1 = (nuc1-nu0).*(nuc1-Zlc1)./((nuc1+nu0).*(nuc1+Zlc1)); 
qc2 = (nuc2-nuc1).*(nuc2-Zlc2)./((nuc2+nuc1).*(nuc2+Zlc2)); 
qc3 = (nuc1-nuc2).*(nuc1-Zlc3)./((nuc1+nuc2).*(nuc1+Zlc3)); 
% expression of multirflections components  
Q1=1-qc1.*exp(-2*gammac1*lc1);  Q2=1-qc2.*exp(-2*gammac2*lc2);  Q3=1-qc3.*exp(-
2*gammac1*lc1);  
SEMRC = 20*log10(abs(Q1.*Q2.*Q3)); 
SEC = SEA + SERC + SEMRC; 
figure  
plot(f',SEC,'-k','LineWidth',1.5) 
hold on  
plot(f',SERC, ':k','LineWidth',1.5) 
hold on  
plot(f', SEMRC, '--k','LineWidth',1.5) 
hold on  
plot (f', SEA, '-.k','LineWidth',1.5) 
xlabel('Frequency(Hz)'), ylabel('Attenuation(dB)') 
legend('TOTAL', 'Reflection', 'Multiple reflections', 'absorption') 
axis([0 15e8 -10 160]) 
title('CF004') 
clear all,  
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clc 
 
6.5 Four Glass Fiber Layers with MWCNT Sprayed at the Outermost Layer, this Is Top and 
Bottom.  
 
clear all,  
clc 
% This code concentrates on on a four layer Glass fiber reinforced UPE surronded by CM250 on the 
bottom and top. The 
% composites is considered as lossy dielectric, practical dielectric, and  this means it can conduct 
% electricity until a certain level or extend. 
nu0=377; mu0=4e-7*pi;  
% in case 200x200 mm2 
lc1= 1.8797e-006;  
% in case 150x150 mm2 
% lc1= 9*3.3417e-006; 
% thickness of two layers glass fibers  
 ld= 2.84e-3; 
fo=30e6; fn=1.5e9; h =0.5e6; f=fo:h:fn; L=length(f);  mur=1;   
eps0=8.854e-12; epsrd= mixturesrule(6.85,0.684,4.75,0.316); 
% permealibility and permitivity 
% permitivity permeability of glass fibers 
% if lossy dielectrics 
% epsld= eps0*epsrd; muld=mu0*mur;  
% if practical dielectric 
epspd= eps0*epsrd; mupd=mu0*mur; 
% if perfect dielectric 
% we need only relative constant in this case 
% permitivity permeability of Spray CNT 
% not needed because we used only mu0 as we suppose also one conductivity of glass fibers 
% if lossy dielectrics 
% sigmald= 3; 
% if practical dielectric 
sigmapd=1.36e-11; 
% if perfect dielectric 
% the value is 0 
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% conductivity of Spray CNT(CM100) 
sigmac1= 3.39784e3;  
% conductivity of Spray CNT(CM250) 
% sigmac1= 4.66e3;  
% Impedance of sprayed CNT  
nuc1=(j+1)*sqrt(pi*mu0*f'/sigmac1); 
%impedance in lossy dielectric 
% nuld = (sqrt(muld/epsld))./sqrt(1-j*sigmald./(2*pi*f'*epsld)); 
%impedance in practical dielectric 
nupd= (1+j*sigmapd./(4*pi*f'*epspd))*sqrt(mupd/epspd); 
%impedance in perfect dielectric 
% nuped=120*pi*sqrt(mur/epsrd);  
% Calculate the attenuation constant for spray layer CNT.  
alphac1= sqrt(pi*mu0*f'*sigmac1); 
% expression of attenuation for lossy dielectric  
% alphald= 2*pi*sqrt((muld*epsld/2)*f'.*(-1+ sqrt(1+(sigmald./(2*pi*f'*epsld)).^2))); 
% Calculate the attenuation constant for glass composites  
alphapd = (sigmapd/2)*sqrt(mupd/epspd); 
% Calculate the attenuation constant for perfect dielectric.  
% alphaped=0; 
  
% To calculate the  propagation constant for good conductor 
gammac1=(1+j)*alphac1; 
% expression of propagation constant for losssy dielectric 
% gammald=j*2*pi*f'*sqrt(muld*epsld).*sqrt(1-j*sigmald./(2*pi*f'*epsld)); 
% expression of propagation constant in pratical dielectric 
gammapd = j*2*pi*(sqrt(mupd*epspd))*f'.*(1+sigmapd./(j*4*pi*f'*epspd)); 
% To calculate the  propagation constant for perfect conductor 
% gammaped = j*2*pi*f'*sqrt(mu0*mur*eps0*epsrd); 
% expression of absorption loss for good conductor 
SEAC = 2*8.686*alphac1.*lc1; 
% expression of absorption loss for lossy dielectric  
% SEALD = 8.686*alphald*ld; SEA=SEALD+SEAC; 
% expression of absorption loss for practical dielectric  
SEAPD = 20*log10(abs(exp(gammapd*ld))); 
% SEAPD = 2*8.686*alphapd*ld;   
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SEA=SEAPD+SEAC; 
% expression of absorption loss for perfect dielectric 
% SEAPED = 0; SEA=0; 
% Calculate  reflection loss 
% if glass is lossy dielectrics 
% Y =(nu0+nuld).*(nuld+nuc1).*(nuc1+nuld).*(nuld+nu0)./(16*nu0.*nuld.*nuc1.*nuld); 
% if practical dielectric 
Y=(nu0+nuc1).*(nuc1+nupd).*(nupd+nuc1).*(nuc1+nu0)./(16*nu0.*nuc1.*nupd.*nuc1); 
% if perfect dielectric 
% Y =(nu0+nuped).*(nuped+nuc1).*(nuc1+nuped).*(nuped+nu0)./(16*nu0.*nuped.*nuc1.*nuped); 
SERC= 20*log10(abs(Y)); 
% expression of multireflection loss for four carbon plies fibers-UPE composites 
% evaluation of Zlc1, Zlc2... is the impedance looking to the right of each section 
% if glass is lossy dielectrics 
% Zlc3=nu0; 
% Zlc2= nu0*((Zlc3*cosh(gammald*ld)+nuld.*sinh(gammald*ld))./(nuld.*cosh(gammald*ld)+ 
Zlc3*sinh(gammald*ld))); 
% Zlc1= nuc1.*((Zlc2.*cosh(gammald*ld)+nuc1.*sinh(gammald*ld))./(nuc1.*cosh(gammald*ld)+ 
Zlc2.*sinh(gammald*ld))); 
% % evaluation of q 
% qc1 = (nuld-nu0).*(nuld-Zlc1)./((nuld+nu0)*(nuld+Zlc1)); 
% qc2 = (nuc1-nuld).*(nuc1-Zlc2)./((nuc1+nuld).*(nuc1+Zlc2)); 
% qc3 = (nuld-nuc1).*(nuld-Zlc3)./((nuld+nuc1)*(nuld+Zlc3)); 
% % expression of multirflections components  
% Q1=1-qc1.*exp(-2*gammald*ld);  Q2=1-qc2.*exp(-2*gammac1*lc1);  Q3=1-qc3.*exp(-
2*gammald*ld);  
% SEMRC = 20*log10(Q1.*Q2.*Q3); 
% if practical dielectric 
Zlc3=nu0; 
Zlc2=nuc1.*((Zlc3*cosh(gammac1*lc1)+nuc1.*sinh(gammac1*lc1))./(nuc1.*cosh(gammac1*lc1)+ 
Zlc3*sinh(gammac1*lc1))); 
Zlc1=nupd.*((Zlc2.*cosh(gammapd*ld)+nupd.*sinh(gammapd*ld))./(nupd.*cosh(gammapd*ld)+ 
Zlc2.*sinh(gammapd*ld))); 
% evaluation of q 
qc1 = (nuc1-nu0).*(nuc1-Zlc1)./((nuc1+nu0).*(nuc1+Zlc1)); 
qc2 = (nupd-nuc1).*(nupd-Zlc2)./((nuc1+nupd).*(nupd+Zlc2)); 
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qc3 = (nuc1-nupd).*(nuc1-Zlc3)./((nuc1+nupd).*(nuc1+Zlc3)); 
% expression of multirflections components  
Q1=1-qc1.*exp(-2*gammac1*lc1);  Q2=1-qc2.*exp(-2*gammapd*ld);  Q3=1-qc3.*exp(-
2*gammac1*lc1); SEMRC = 20*log10(abs(Q1.*Q2.*Q3)); 
% if perfect dielectric 
% Zlc3=nu0; 
% Zlc2= 
nu0*((Zlc3*cosh(gammaped*ld)+nuped.*sinh(gammaped*ld))./(nuped.*cosh(gammaped*ld)+ 
Zlc3*sinh(gammaped*ld))); 
%Zlc1=nuc1.*((Zlc2.*cosh(gammaped*ld)+nuc1.*sinh(gammaped*ld))./(nuc1.*cosh(gammaped*ld)
+ Zlc2.*sinh(gammaped*ld))); 
% % evaluation of q 
% qc1 = (nuld-nu0).*(nuped-Zlc1)./((nuped+nu0)*(nuped+Zlc1)); 
% qc2 = (nuc1-nuped).*(nuc1-Zlc2)./((nuc1+nuped).*(nuc1+Zlc2)); 
% qc3 = (nuped-nuc1).*(nuped-Zlc3)./((nuped+nuc1)*(nuped+Zlc3)); 
% % expression of multirflections components  
% Q1=1-qc1.*exp(-2*gammaped*ld);  Q2=1-qc2.*exp(-2*gammac1*lc1);  Q3=1-qc3.*exp(-
2*gammaped*ld);  
% SEMRC = 20*log10(Q1.*Q2.*Q3); 
SEC = SEA + SERC + SEMRC; 
figure  
plot(f',SEC,'-k','LineWidth',1.5) 
hold on  
plot(f',SERC, ':k','LineWidth',1.5) 
hold on  
plot(f', SEMRC, '--k','LineWidth',1.5) 
hold on  
plot (f', SEAPD, '-.k','LineWidth',1.5) 
xlabel('Frequency(Hz)'), ylabel('Attenuation(dB)') 
legend('TOTAL', 'Reflection', 'Multiple reflections', 'absorption') 
axis([0 15e8 -80 110]) 
title('GF002') 
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